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The Theory of Electron Diffraction 
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It is shown that the omission of an angle-dependent phase factor in the scattering amplitude constitutes a 
significant error of the Born approximation, as customarily applied to electron diffraction experiments. 
Some general properties of the scattering amplitude are discussed in relation to the Born approximation 
and used to derive a simple estimate of the required phase. The theory, thus corrected, is found to remove 
the need for assuming rather distorted structures in some molecules containing heavy atoms. The effect 
discussed is present quite generally in the interference of waves scattered by differing potentials and becomes 
more prominent as the particle energy is lowered. In the Appendix a semiclassical procedure is used to treat 


the analogous effect in proton diffraction, 


HE Born approximation is well known to predict 

exactly, in the nonrelativistic region, the intensity 
of electrons scattered by a Coulomb field. Although still 
a perturbation method, it has seemed in this case nearly 
immune from the usually attendant inaccuracies and 
has been widely and successfully used in the analysis of 
electron diffraction patterns. Confidence in the approxi- 
mation as ordinarily applied to molecular structure 
determinations has extended even to a number of cases 
which have seemed to reveal rather improbable struc- 
tures. On re-examining several of these (which are 
briefly noted in Sec. 1), we have found that a phase 
change, heretofore neglected, which takes place on 
scattering is the probable cause of the anomalies.' It 
may, in extreme cases, lead to strikingly altered con- 
clusions about molecular structure. The error is one 
characteristic of the Born approximation and appears 
whenever it is applied to the interference of waves 
scattered by potentials of different strengths. ‘The phase 
shift in question, which depends significantly on the 
effects of screening, is calculated approximately in Sec. 
II, and the results are then compared with experiment. 


I. NATURE OF THE EFFECT 


The diffraction patterns of electrons scattered by 
gases consist of weak concentric rings superposed on the 

* Present address: Lyman Laboratory of Physics, Harvard 
University, Cambridge 38, Massachusetts. 

t Contribution No. 1743. 

1V. Schomaker and R. Glauber, Nature 170, 290 (1952). 


intense forward maximum of Coulomb scattering 
(moditied by screening). Fourier analysis of the ring 
structure gives the distances between the scattering 
centers of the molecule. In some molecules containing 
heavy atoms a curious effect involving these distances 
has been found. Uranium hexafluoride, in which the 
effect was first noted, might be expected to show octa- 
hedral symmetry about the uranium atom. The mole- 
cule has instead appeared rather puzzlingly asymmetric: 
the calculated curves showing the distribution of inter- 
atomic distances? have two distinctly separated peaks 
at 1.87A and 2.17A rather than a single one corre- 
sponding to a unique U—F bond length. Information 
from other sources, however, in no way confirms this 
picture. The data on infrared spectra, molecular 
entropy, and the dipole moment are all consistent with 
the symmetrical structure.? Similar apparent asym- 
metries have also been found to occur in a number of 
other molecules of the form MX,, containing single 
heavy atoms. The distances between the heavy atom 
and its neighbors are apparently split into two equal 
groups differing by an amount roughly proportional to 
Zu—Zyx. Yor equal atomic numbers as in the heavy 
molecule I., nothing unusual is observed. 

We not dwell the valence-theoretical 


shall upon 


2S. H. Bauer, J. Chem. Phys. 18, 27 (1950). 

3See especially Bigeleisen, Mayer, Stevenson, and Turkevich, 
J. Chem. Phys. 16, 442 (1948); and Burke, Smith, and Nielsen, 
J. Chem. Phys. 20, 447 (1952). 
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attempts which have been made to explain these 
results. The smoothness of the dependence on nuclear 
charges indicates an inadequacy of the scattering 
theory rather than any actual effects of chemical 
bonding. In demonstrating this we shall show that the 
molecules in question are in fact as accurately sym- 
metrical as the present diffraction techniques may 
discern. 

Of the various inaccuracies implicit in the conven- 
tional calculations, the most obvious, perhaps, is the 
use of the Born approximation for the atomic scattering 
amplitudes. Other points more specifically molecular 
in nature are the neglect of multiple scattering (by the 
different atoms) and of valence distortion of the charge 
distribution. A strong dependence on the difference of 
atomic numbers cannot, however, be produced by either 
of the latter two effects, whereas interference between 
corrections to the atomic scattering amplitudes may 
easily do so. For this reason we assume that the wave 
scattered by a molecule may still be represented by a 
superposition of waves f;(k’, k)e”"/r scattered by the 
1, 2,3, +--+) from the direction k 


individual atoms (j= 1, 2, 
to the direction k’. 

The amplitudes /;(k’, k) may be shown quite gener- 
ally (see Sec. II) to be complex functions of the scat- 
tering angle. It is characteristic of the Born approxi- 
mation, however, that these amplitudes, given by the 
familiar matrix element, 


m 
Falk’, K)=———- fee wr*venydr, (1) 


mh 


are always real for atomic scattering potentials V(r) 
(or more generally, for any potential unchanged by 
inversion in the origin). An example close at hand is 
scattering by a pure Coulomb field, for which the 
expression (1) predicts exactly the absolute value of 
the scattered amplitude but omits at the same time a 
phase factor sensitively dependent on the angle of 
scattering.4 Abbreviating the amplitudes for the 
moment, as f;(@), we take explicit account of their 
phases by writing them as | f;(@)| exp(in,(@)). The 
intensity of the scattered electrons averaged over the 
random orientations of the gas molecules is then 
proportional to 


SINST i; 
dX fi*(0)/,(0) => | £:()| | £(0)| 
i) ST 5; t2 
sins?,; 
X cos{ (0) — n;(0)} ——, 
SN ij 
where s=|k—k’| =(42/X) sin(@/2), and 7,; is’ the 
distance between atoms 7 and 7. 
To see the way the phase n(@) may explain the 
apparent asymmetry, let us suppose the amplitudes 


4 For the exact solution see N. F. Mott and H. S. W. Massey, 
Theory of Atomic Collisions (Oxford University Press, London, 
1949), second edition, p. 48. 
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f;(0) are real. Then the sum of the terms contributed 
by a split pair of distances 7;;=1ro— 6 and 7,;= 70+ with 
similar atoms j and j’, would be approximately 


2| f:(9)| | f,(0)| cossé sinsro/sro. (3) 


(The amplitude difference, of order 6/ro, is neglected.) 

This expression is of just the form that would be 
given by (2) if the phase difference | 7,(@)—7,(0)| were 
proportional to's, and if no distance splittings at all 
existed. The scattering angle at which the amplitude of 
the wave corresponding to (3) first changes sign (and 
vanishes) is given by | (0)—n,(@), =2/2. In practice 
it is the behavior of the diffraction pattern in the 
neighborhood of this critical angle that has been 
principally responsible for the interpretation in terms of 
beating sine waves and its implied molecular asym- 
metry. It is hoped that in future experiments the very 
faint outer fringes of the diffraction pattern may be 
observed at scattering angles sufficiently large to 
include the second critical angle | 7;(@)—7,(0)| =32/2. 
Since these data are lacking, the correct prediction of 
the scattering angle for which the phase difference is 
m/2 is the only quantitative test now available. 

Moderate deviations of the phase shift from linearity 
in s on either side of the single critical angle observed 
will not very noticeably change the character of the 
predicted pattern. Indeed the desire that | 9;(@)—1,(8) | 
be linear in s comes from comparison with the asym- 
metric model, whose fit to the experimental diffraction 
pattern, although good, is not beyond improvement. 
The theoretically predicted phase differences (see Sec. 
II) which are monotonically increasing functions of s 
(but not proportional to s) appear in fact to fit the 
observed patterns more satisfactorily than the asym- 
metric model.® 

II. THEORY 

Before specializing to the atomic case, it will be useful 
to discuss several quite general properties of scattering 
amplitudes. Let us suppose Yx(r), We(r) and p_x-(r) 
are solutions of the Schrédinger equation for equal 
energies arising from initial plane waves in the direc- 
tions k, k’, and —k’, respectively. They then obey the 
relations 


(4a) 
(4b) 


0 VY — VV Pp _n =0, 
V0 *V Yu — VV Yu* =0, 


which, integrated over the volume of a sphere sur- 
rounding the scatterer, are immediately expressed as 
the surface integrals 


0 0 
S(e “ hav» )dS=0, 
Ss or or 
0 0 
S(w Wie Vu dwt )as=0 
s or or 


5G. Felsenfeld and J. Ibers, private communication. 


(5a) 


(Sb) 
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with dS an element of surface. If the radius of the 
sphere is made sufficiently large, the wave functions 
assume their asymptotic values on the surface. We 
may then substitute 


¥.(r)=exp(ik-r)+ f(k,, ky exp(ikr) /r 


(where k, is a propagation vector in the direction r; 

k,| =k) together with the analogous expressions for 
the other wave functions. The asymptotic values of the 
surface integrals for large sphere radii are then easily 
found and furnish two important relations involving 
the scattering amplitude. The first of these, coming 
from (5a), is 


I(k’, k) = f(—k, —k’), (6) 


which expresses the reversibility of the scattering 
between any pair of directions. From (5b) we find the 
relation 


1 , 
~{ f(k’, k) — *(k, k’)} = fre k’) f(k”’, k)dQy-, 
21 T 

(7) 
in which the vector k” on the right is integrated over 
the sphere |k’’| =&. For the particular case k’=k, Eqs. 
(4b) and (Sb) express the conservation of the particle 
current. Equation (7) then reduces to 


Im f(k, k)=(k/4a)o (8) 


(where o is the total scattering cross section), a relation 
which illustrates how fundamental is the requirement 
that the amplitude of the scattered wave be complex 
rather than real. 

The more general form of Eq. (7) may be simplitied 
by assuming that the scattering potential has inversion 
symmetry V(r)=V(—r). Nothing then is changed by 
inverting all vectors in the origin, and it follows, in 
particular, that f(k’, k)= /(—k’, —k). The latter rela- 
tion together with the principle of reversibility (6) 
shows that the scattering amplitude is symmetric: 


f(k’, k) = f(k, k’). (9) 


Equation (7), under our assumption, then reduces to 


k 
Im /(k’, k) = frw, k’”’) f(k"’, k)dQy, (10) 
4 


a relation we shall have frequent occasion to apply. 

The reason for the inadequacy of the Born approxi- 
mation (i.e., the first term of a power series expansion 
in a= —Ze’,hv) in the present context is easily seen 
from (10). For f(k’,k)=O(a@) we have Im /f(k’, k) 
=(O(a’), from which it follows that the phase increases 
with a, n(k’, k)=argf(k’, k)=O(a). Clearly then we 
must either go beyond the first term of the series or 
employ a fundamentally more accurate formulation of 
the scattering problem. In the present work we shall 
use some assumptions based on our experience with 
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Coulomb scattering to simplify the higher terms of the 
Born series, thereby avoiding a good deal of numerical 
work but allowing still a reasonable comparison with 
experiment. We shall leave to a later treatment the 
retinements introduced by a basically different and more 
accurate procedure for approximating the scattering 
amplitude, calculations for which are now in progress. 

At the energies at which diffraction experiments are 
performed (~40 kev), electron wavelengths are sub- 
stantially smaller than the atomic radius a, (ka~10 to 
20). For all save small angles (@~1/ ka), therefore, the 
intensity of scattering is negligibly affected by the 
screening of atomic fields. For these angles the Ruther- 
ford formula and, hence, the Born approximation 
intensities are nearly exact. At smaller angles the 
effects of screening are partially accounted for by the 
structure factor implicit in (1). We shall assume for 
simplicity that the Born approximation (1) represents 
the absolute value of the scattering amplitude at all 
angles. The characteristic features of the simpler dif- 
fraction patterns are in any case quite insensitive to the 
over-all atomic scattering intensities. 

The difference between screened and 
Coulomb tields becomes particularly important for the 
phase of the scattering amplitude. For the unscreened 
tield the phase of the exact solution‘ contains principally 
the coordinate-dependent term —a log{kr(1—cos@)}, 
which increases indetinitely with r, the distance from 
the scatterer. This is, of course, a property peculiar to 
the slow decrease of the Coulomb potential and is absent 
for screened fields. A simple estimate of the phase in 
the screened case may be obtained by substituting the 
Born approximation amplitude fx(k’,k) on the right 
side of (10) and equating both sides to order a’. We 


unscreened 


obtain 


k 
n(k’, k) f fut k”’) folk’, K)dQy, (11) 


‘ 4a fn(k’, k) 


an expression which is equivalent to the second Born 
approximation. 

To evaluate the phase, we chose as an analytically 
convenient model of the screened field the exponential 
form 


V(r) = —Ze’e~"!/4/r, (12) 


for which the Born approximation amplitude is 


fa(k’, k) = —2aka?/(|k’—k|2a2+1). (13) 


The angular integration of (11) is not difficult to 
perform, and the resulting phase, as a function of the 
scattering angle @, is 

1 


a tanh-'A, (14) 
4k?a? sin?(0/2) 


n(6)= 2a 1+ 
with 
sin(@/2) 
A=- , (15) 
[ (1+ (1/2k?a?))?—cos?’6/2 }! 
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Since 2k’a’>1 these expressions may be reduced to 


1+-s7a? sa 


(4+ s?a?) y 


n(0)= —2a tanh! (16) 


sa(4+-s*a?)! 
in which we have once again used the notation 
s= |k’--k| =2k sin(3/2). 


A graph of |(@)/a| according to Eq. (16) is given in 
Fig. 1. For the forward direction, the value n(0)= —a/2 
is quite insensitive to the screening radius. For large 
angles the phase is asymptotically 


(17) 


the value of which may in practice be appreciable, even 
for the lighter elements. 

The validity of the expression (16) for the phase, at 
least for large angles, is somewhat stronger than its 
derivation by the present perturbation procedure might 
imply. This may be seen by exploiting the similarity of 
the large angle scattering by screened and unscreened 
Coulomb fields.* In particular the dependence of the 
asymptotic phase (17) on @ is the same (apart from an 
additive constant) as that of the exact Coulomb phase, 
a fact which implies correctly that for angles 0>>1/ka 
the scattering amplitudes for the screened and un- 
screened fields differ only by a phase factor, inde- 
pendent of angle.? 

In undertaking comparisons with experimental results 
we shall assume that the estimate of the phase given 
by (16) is sufficiently accurate to be used directly* in 


n(0)~— 2a log(2ka sin@/2), 





re 
a 











sas2ka sin 


Fic. 1. Graph of the dependence of the phase on scattering angle: 
|n(0)/a| vs 2ka sin(@/2), as given by Eq. (16). 


® It may also be seen from the work of R. Dalitz [Proc. Roy. 
Soc. (London) A206, 509 (1951) ], who has derived the asymptotic 
form (17) and shown that its occurrence as a phase is consistent 
with the third Born approximation as well as the second. 

7 This behavior is implicitly made use of in computing the 
Coulomb scattering of identical particles when one of them is 
screened (e.g., ~p-p scattering). The constant phase factor by 
which the Coulomb and correctly screened solutions differ is not 
observed. For other potentials the interference effect involved in 
the scattering of similar particles will also require a knowledge 
of the angle-dependent part of the phase, omitted in the first Born 
approximation. 

*QOur procedure here actually goes beyond the second Born 
approximation, which, strictly speaking, would only consider the 
terms of (2) to order a’, and would thereby eliminate the con- 
tribution of the phase entirely. 
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the formalism of Sec. I. The accuracy of this method is 
difficult to estimate without performing numerically 
more involved calculations. We may mention, however, 
that the preliminary results obtained using a more 
accurate method (based on the smallness of a/ka 
rather than a@) are favorable. They indicate that the 
accuracy of (16) for «~1 is roughly commensurate with 
that of the screening model (12). 


III. COMPARISON WITH EXPERIMENT 


While the phase shift we have discussed will modulate 
the intensities of the diffraction patterns of all heter- 
atomic molecules, its effect is most strongly felt when 
large differences in the nuclear charges prevail. In such 
cases the attempt to account in the conventional way 
for the observed modulation has led, as we have already 
noted in Sec. I, to the assumption of curiously unsym- 
metrical molecular structures. For a proper interpre- 
tation in the light of the present work, the diffraction 
data for each of the molecules in question will eventually 
require detailed re-analysis. A simple way, however, of 
checking the corrected theory is to show the way in 
which the treatment based on symmetrical models with 
phase shifts is able to duplicate the numerical results 
previously arrived at for the apparent asymmetries. To 
do this we note by comparing (2) and (3) the approxi- 
mate relation 
(18) 


O= 7 / Sorit., 


in which Serit is the value of 2k sin(@/2) for which the 
phase difference is +/2. An approximate value of the 
screening distance, adequate for the calculation is 
a=0.528Z~'A. The predicted apparent “splits” (26) 
that result are listed in Table I along with the cor- 
responding experimental values. Their agreement, it 
may be seen, is quite close. It follows that for these 
molecules the diffraction patterns predicted by the 
present formulation will be in good agreement with 
those observed. The intensity curve calculated for UF. 
at 40 kev seems to show even better agreement than the 
previous work for the central and outer parts of the 
pattern.® This is a consequence of the deviation of the 
phases from proportionality to s. 

A large number of electron diffraction studies of 
molecules containing heavy atoms are on record in 
which nothing anomalous was observed, a circumstance 
which no doubt helped delay the recognition of the 
phase shifts. It is important, therefore, to remark that 
in all the adequately reported cases, the pattern was 
observed only at angles at which the phase difference 
is less than the critical value 1/2. 

The phase given by Eq. (16) is increased by lowering 
the electron energy, and its modulation of the diffraction 
pattern varies more rapidly with s. The resulting energy 
dependence of the pattern is a feature absent from any 
treatment based on the first Born approximation. Some 
photographs of UF, taken at 10 kev do indeed show 
changes in the direction predicted,* and will be analyzed 
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in forthcoming work. It should be noted, however, that 
the simple approximation we have here used for the 
phase becomes less reliable as the parameter Ze?/ho is 
increased and requires improvement for the heavier 
elements at energies less than 40 kev. The computations 
for this are in progress. 

In crystal diffraction an effect may be observable 
even for lighter atoms, for which the phase shift is small. 
This will happen, for example, if the contributions to 
the scattered amplitude by two classes of atoms are 
nearly equal in magnitude and opposite in phase, so 
that a small phase shift can give rise to a large relative 
change in the intensity. We have examined the pub- 
lished intensity anomalies of fluorite,® cuprous chloride? 
and zinc oxide.'® The first two appear well explained in 
this way; zine oxide is not. In conclusion we may note 
that it would be most interesting to observe the modu- 
lation of the diffraction pattern for a diatomic molecule. 
Little room would be left for belief in a structural 
anomaly. 


APPENDIX 
Note on Proton Diffraction 


It may be of interest to consider the rather different 
situation which arises in the diffraction of proton beams. 
The energies of protons with wavelengths suitable for 
diffraction work are lower (~0.5 to 15 kev) than the 
corresponding electron energies. Their velocities, of 
course, are smaller still, and we must consequently deal 
with quite large values of the parameter a= Ze’/hv. For 
2-kev protons, for example, and Z= 30 we have a~100, 
It is clear that the approximation used in treating 
electron scattering will hardly avail us here. Since the 
proton wavelengths are furthermore substantially 
smaller than atomic dimensions (ka~160 in the above 
example), the scattering may instead be treated by a 
simple semiclassical procedure. We assume, in the 


spirit of the familiar optical analogy, that the phase of 


the wave function at any point is 1// times the classical 
action integral f/p-dr taken along the dynamical path 
leading to the point. Since the required integration 
unfortunately cannot be performed analytically for the 
exponentially screened field (12), we employ instead 
the somewhat simpler model in which all of the shielding 


®L. H. Germer, Phys. Rev. 56, 58 (1939). 
 H. J. Yearian, Phys. Rev. 48, 631 (1935). 


DIFFRACTION 


671 


Taste I. Comparison of apparent distance splittings observed with 
those predicted. 


Apparent split (A) 


Molecule Distance Observed Calculated* 


0.28 
0.24 
0.24 
0.23 
0.22 
O.18 
0.15 
0.13 
0.12 
0.12 


0.30% ¢ 
0.234 
0.248 
0.23 
0.23° 
~0.18° 


U-F 
Os-O 
Ww-C 
W:---O 
WF, W-F 
WCle W-Cl 
Ik; I—F 
Mo(CO é Mo—C 
Mo::-O 
Mo-—F 


UFs 
OsO> 
W(CO)s 


Mok; 


electrons, employing the relativistic value of @ 


® For 40-kev 

»S. H. Bauer 

¢(. Bastiansen, unpublishe 

4W. F. Sheehan, Jr., thesis 
published (1952). 

¢ From re-examination of photographs described by R 
California Institute of Technology, unpublished (1942) 

! Results of M. T. Rogers, thesis, California Institute of Technology 
(1941), adjusted to a symmetrical (24 The actual I-F distances 
may well not all be equa 

« Mo—C and Mo---0 splits assumed equal 


relerence 
! work in these laboratories 


California Institute of Technology, un 


A. Spurr, thesis, 


: 24) split 


charge is assumed localized on a sphere of radius a: 


1 1 
V (r)= ze*( — ), r<a, 
rea 


r> da. 


(A.1) 
=, 
The integration along the trajectories then yields 


y 


za /¥ : 
os ~[ sa+ (s?a?+4a*y-!)']}, (A.2) 
VY 2a 


n(0)=— 


in which 
y=1+(2a/ka), a>O, 
s=2k sin(@/2). 


The phase (A.2) vanishes for forward scattering, as it 
must in a semiclassical treatment, since such particles 
are completely uninfluenced by the potential. Near the 
forward direction then (sa<2ay~‘) the phase assumes 
the simple form 


n(9) = —2ka sin(0/2). (A.3) 


Since this is independent of nuclear charge it will not 
affect the diffraction pattern [see Eq. (2) |. For larger 
scattering angles, however, the effect of the phase will 
once again be felt. The scattering in the region between 
the two extremes of a small and large will be treated in 
a forthcoming paper. 
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Experimental Energy and Angular Distributions of Inner Bremsstrahlung 


T. B. Novey 
Chemistry Division, Argonne National Laboratory, Lemont, Illinois 


(Received September 29, 1952) 


The spectra of the continuous radiation or inner bremsstrahlung emitted in the beta-decay of P® and 
RaE have been measured in the region of 20-250 kev with a Nal scintillation spectrometer. Comparison 
of the spectra on an absolute basis with the prediction of the theory shows good agreement. 

The angular correlation of the radiation with the emitting beta-particles was also measured. The results 
are in excellent agreement with theoretical predictions. 


I. INTRODUCTION 


HI continuous radiation known as_ inner 

bremsstrahlung emitted in the process of beta- 
decay has been studied experimentally over a period of 
twenty-five years. A series of measurements has been 
made using ionization chambers or G-M tube detectors 
where little or no energy resolution was possible. The 
most recent of these were by Wu! and by Stahel and 
Guillessen’? in which the average radiation energy per 
emitted beta-particle in the decay of P® and RaE was 
determined with integrating ionization chambers. The 
integral radiation intensity was found to agree with 
theory. 

The theory of the process was developed independ- 
ently by Knipp and Uhlenbeck* and by Bloch‘ for 
allowed beta-transitions assuming the polar vector 
interaction and recently was extended by Wang Chang 
and Falkoff® and Madansky et al.® for forbidden transi- 
tions and other interaction types. The cross section for 
radiative transition per beta-particle was shown to be 
insensitive to the degree of forbiddenness or type of 
interaction responsible for the birth of the beta-particle, 
so no information is needed concerning nuclear wave 
functions in order to calculate the radiation intensity 
and angular correlation to a good approximation. 

The development in recent years of scintillation 
detectors and in particular of thallium-activated sodium 
iodide scintillators has made it possible to make meas- 
urements with good energy discrimination and high 
efficiency on this type of a low probability process 
involving the emission of low energy gamma-radiation. 
Measurements of this type have been undertaken inde- 
pendently by Madansky and Rasetti’? and the author. 
Preliminary reports have been published on_ the 
measurements reported in this paper.® 

In this work the inner bremsstrahlung spectra of 
and RaE have been measured experimentally and 


p# 


1C. S. Wu, Phys. Rev. 59, 481 (1941); references to earlier 
papers are given here. 

2 FE. Stahel and J. Guillessen, J. phys. et radium 1, 12 (1940). 

3]. K. Knipp and G. E. Uhlenbeck, Physica 3, 425 (1936). 

*F. Bloch, Phys. Rev. 50, 272 (1936). 

§C. S. Wang Chang and D. L. Falkoff, Phys. Rev. 76, 365 
(1949). 

6 Madansky, Lipps, Bolgiano, and Berlin, Phys. Rev. 84, 596 
(1951). 

7L. Madansky and F. Rasetti, Phys. Rev. 83, 187 (1951). 

8 T. B. Novey, Phys. Rev. 84, 145 (1951); 86, 619 (1952). 


compared on an absolute basis with the theory in the 
range of 20 to 250 kev. The angular correlation between 
the beta-particles and the radiations has also been 
measured in the angular range of 30° to 180°, and the 
shapes have been compared with those predicted 
theoretically. In both cases agreement with theory is 
obtained. 


II. ENERGY SPECTRA 
A. Apparatus 


The apparatus used is shown schematically in Fig. 1. 
The source is evaporated from aqueous solution over 
an area of 0.3 cm? on a thin plastic film (50 ug/cm?) 
which is located at a distance of 20 cm from a Nal(TI) 
scintillator 1} in. in diameter and 3 in. thick. A lead 
collimator is located halfway between the source and 
detector. Over the collimator is placed a 1.03 g/cm? 
beryllium absorber, which is thick enough to absorb 
completely the beta-radiations coming from the source. 
A rough estimate of the outer bremsstrahlung produced 
in the beryllium can be obtained by extrapolation of 
the measurements of Wu,' who found experimentally 
that the ratio of outer bremsstrahlung to inner brems- 
strahlung produced when P® radiations are absorbed 
in aluminum is about four to one, in agreement with 
theory. 

Wu also showed that the total intensity of outer 
bremsstrahlung produced when electrons are com- 
pletely absorbed is approximately proportional to the 
first power of the atomic number of the absorber and 
not to the square as is the case for single nuclear 
scattering. This decreased dependency on Z is due to 
the fact that the number of nuclei encountered by an 
electron in its range depends inversely upon the atomic 
number of the absorber. 

For the case of absorption in beryllium the amount 
of outer bremsstrahlung produced is then about 4/13 
of that produced in aluminum, and so the ratio of 
outer to inner bremsstrahlung is close to unity. 

As the paths of the electrons in the beryllium are 
winding, the resultant outer bremsstrahlung distribu- 
tion would be expected to be nearly isotropic. 

The amount of inner bremsstrahlung passing through 
the collimator hole and into the detector is equal to the 
amount of outer bremsstrahlung produced in the 
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beryllium over the collimator hole. The latter, however, 
is emitted isotropically, and so only a small portion is 
detected as given by the geometrical efficiency of the 
detector for a source at the position of the collimator. 
This efficiency is 0.6 percent for ten centimeter spacing 
between collimator and detector, and so the percentage 
of outer to inner bremsstrahlung reaching the detector 
is about 0.6 percent. 

All other parts of the apparatus are located at a 
distance of at least 20 cm from the source so that very 
little of the outer bremsstrahlung which is produced in 
the eventual absorption of the source radiations can be 
detected. The space between the collimator and the 
detector, and the detector itself is completely shielded 
by two inches of lead in order to prevent detection of 
scattered photons. 

The sodium iodide detector is assembled in a mois- 
ture-proof container with a 0.013-inch thick aluminum 
window and is optically coupled through a short Lucite 
light pipe to a 5819 photomultiplier tube. The pulses 
are fed from a cathode follower preamplifier into a 
linear amplifier and sliding single-channel pulse-height 
analyzer designed by R. Swank of this laboratory. The 
spectrometer was calibrated with photon lines of known 
energies 22, 84, and 667 kev from Cd!'", Tm!?°, and 
Cs'7, The energy resolution widths at half-height were 
57 percent, 30 percent, and 11 percent, respectively. 

The channel width on the analyzer was selected in 
the light of the above energy resolutions to be at least 
a factor of four smaller than the line resolution at any 
given energy. 


B. Source Preparation 


The P® sources were prepared by evaporating high 
specific activity P® solution newly obtained from Oak 
Ridge National Laboratory. One-millicurie sources were 
used. The sources were evaporated on 50 yg /cm? LC-600 
films. The active solution was spread over an area of 
0.3 cm? with the help of dilute insulin solution. The 
source weight was less than 25 ug. The films were 
supported on aluminum rings of outer diameter 2 in., 
inner diameter 1} in., and thickness 0.015 in. 

The RaE was extracted from a RaDEF mixture on 
a semimicro scale using a separation based upon the 
precipitation of RaE (bismuth) with iron hydroxide in 
dilute sodium hydroxide solution, the RaD (lead) with 
added lead holdback carrier remaining in solution. The 
RaD is thoroughly removed by a few reprecipitations 
as indicated by the elimination of the 47-kev gamma- 
peak in the spectrum. The iron is ether-extracted, and 
the RaF plated out onto silver powder in 0.5V HCl 
until less than 1 percent remains. The RaE was carried 
on a few micrograms of aluminum hydroxide which 
was carefully washed, slurried up, transferred to the 
film, and evaporated to dryness. 

Great care was taken to remove all of the lead in the 
final RaE separations. In the preparation of the source 
for the measurements described in the preliminary 
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Fic. 1. Arrangement of apparatus for measurement of inner 
bremsstrahlung spectra. 


communication’ about twenty micrograms of lead were 
left in the source. This was sufficient to result in the 
production of twice as much outer bremsstrahlung as 
inner in the source and caused the high results reported. 

The absence of outer bremsstrahlung production in 
the final sources was demonstrated by measuring the 
gamma-spectrum and then spreading the source over a 
twofold larger area, Fig. 8. As the intensity did not 
change appreciably, source thickness effects were not 
affecting the results. 


C. Corrections to the Spectra 
1. Background 


Background was determined at the various energies 
by placing a 7.5 g/cm? lead absorber over the collimator 
hole. 


2. Resolution 


Correction for the finite energy resolution of the 
scintillation spectrometer was made using the expression 
given by Palmer and Laslett.? The corrected spectrum 
Nr is given by 

Nr(E)=N (E)—KN(E)—-3KEN (8), (1) 
where 
K=W?(E)/(0.693- 26). 


W(E) is the half-width at half-height of a peak produced 
by photons of energy E. V,, N.’, VN.’ are the experi- 
mental spectrum and its first and second derivatives, 


respectively. 
3. Absorption 


Corrections for absorption of the radiation in 1.03 
g/cm? of beryllium (beta-absorber) and 90 mg/cm? of 
aluminum (Nal container cover) were made using 
absorption coefficients given by Compton and Allison.!° 
A plot of the correction factors Ape. and Aq) is shown 
in Fig. 2, The absorption coefficient for the beryllium 
absorber was checked at 22 and 84 kev using mono- 
chromatic gamma-sources in order to make sure the 
beryllium did not contain any appreciable heavy ele- 
ment impurities. Agreement was obtained to a few 


percent. 


%J. P. Palmer and L. J. Laslett, Atomic Energy Commission 
Report AECU-1220 (March 14, 1951), unpublished. 

10 A. H. Compton and S. K. Allison, X-Rays in Theory and 
Experiment (D. Van Nostrand Company, Inc., New York, 1935), 
Appendix IX. 
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Absorption in the 20-cm air path was negligible in 
the energy range investigated. 


4. Gamma-Detection Efficiency 


In determining the spectral shape, it is important 
that all of the photons detected give their full energy 
to the scintillator as the presence of Compton continua 
will smear out the curve. For the }-inch thick crystal 
used the former condition holds very well up to 250 kev 
although at this energy the Compton and photoelectric 
cross sections are equal. This is due to secondary 
reaction of the Compton scattered photons which result 
in the full energy being dissipated in the crystal. This 
effect is shown in Fig. 3. Curve B shows the fraction of 
the pulses falling in the photoelectric peak compared 
to the sum of the areas in the photoelectric peak and 
the Compton continuum as a function of the incident 
photon energy based on a series of unpublished measure- 
ments by D. Engelkemeir of this laboratory. Curve A 
shows the fraction of the total cross section that is 
derived from photoelectric absorption. The efficiency 
«, calculated from the total cross section in Nal is 
shown in Fig. 4. 
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Fic. 3. Comparison of percentage of photoelectric to total 
absorption cross section (curve 4) with percentage of scintillation 
pulses falling in the photoelectric peak (curve B) for photon 
absorption in a 4-inch thick NalI(Tl) crystal. 
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Thus although the gamma-efficiency is diminishing 
and the Compton cross section becomes comparable to 
the photoelectric cross section, in the region up to 
250 kev the spectrum measured is almost entirely due 
to pulses arising from complete absorption of the 
photons. As the intensity of photons drops off very 
rapidly with energy, the contribution of the Compton 
continua from higher energy photons can be neglected 
in these measurements. 

The accuracy of this calculated efficiency decreases 
in the region of 200-250 kev owing to the onset of edge 
effects. 

5. Iodine K X-Ray Escape 

The escape of iodine A x-rays from the detector 
following photoelectric absorption near the surface 
becomes important in the region just above the K edge 
of iodine at 34 kev and results in the shifting of photon 
pulses down in energy by the A x-ray energy 29 kev. 

The magnitude of the escape was calculated onan 
infinite plane approximation which is satisfactory in 
the present case of a surface 1} in. in diameter. The 
edge effects are small owing to the high absorption 
coefficient of the iodine AK x-rays in sodium iodide 
(T,=0.01 in.). The photons are assumed to be normally 
incident, and the x-rays are emitted isotropically. The 
probability that a photon will undergo a photoelectric 
effect and the x-ray escape is then 


Pe” r 
P. J f exp{—[4 
) ’ 


where yw, is the incident photon absorption coefficient, 
us is the iodine A x-ray absorption coefficient, x is the 
depth of penetration into the surface, and @ is the angle 
between the directions of the normal to the surface and 
the emitted x-ray. Upon integration this becomes 


(uz r os0) |x} sinédédx, (2) 
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A graph of P, is shown in Fig. 5 for the escape of 
iodine AK x-rays (28.7 kev). The net correction p to the 
continuous spectra, taking into account the fact that 
loss of the x-ray shifts the pulses to lower apparent 
energy, is shown in Fig. 6. 

This net correction was made assuming from the 
theory (Sec. E) that the probability spectrum varies 
approximately inversely with energy so that the number 
of photons per unit energy interval at energy £,—28.7 
kev is equal to E,—28.7/E, of the number at energy 
E,. If the loss of pulses at energy 2, due to K x-ray 
escape is p; and that at E,—28.7 kev is ps, then the 
net fractional loss p at E,—28.7 kev is pe—pil(F, 
~28.7/E,). The net correction changes sign abruptly 
at the K edge because at this point p2 suddenly becomes 
zero. A smoothed-out correction was used because the 
resolution correction could not completely reconstruct 
the sharp K edge effect. 
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Fic. 4. Gamma-efficiency of 4 inch thick Nal crystal calculated 
from total absorption cross section for normally incident photons. 


6. Geometrical Efficiency 


The factor was calculated using the 


formula 


geometry 


G=a?/4r =0.16 percent, (3) 


where a, the crystal radius, is 1.6 cm and r, the distance 
to the edge of the crystal face, is 20 cm. 


7. Source Calibration 


The source disintegration rates R were determined 
by reference to lower activity sources which were 
calibrated using a 42 proportional counter and standard 
RaDEF" sources. The ratios of activities of the high 
and low activity sources were determined by counting 
on an end window flow type proportional counter 
through an absorber selected to bring the activities 
into the counting rate range of the counter. 


8. Normalization 


The spectra were normalized to unit mc? energy 
interval by dividing the data by the analyzer window 
width Ak in units of mc’, converted to energy intensity 
by multiplication by the energy & in units of me’, and 
normalized to radiation per beta-decay. 


aT, B. Novey, Rev. Sci. Instr. 21, 280 (1950). 
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Fic. 5. Calculated fraction of iodine K x-rays escaping from a 
Nal crystal for normally incident photons 


D. Results 


The tinal result of these corrections is the intensity 
spectrum &S(k), the radiation intensity per unit energy 
interval per beta-decay, 


kS(k)= ApAaikvr [e,(1 : p)GRAk |. (4) 


The results of two experiments on P® are shown in 
Fig. 7. Run 2 was made with the apparatus as described 
in part A of this section. Run 1 was an earlier run made 
with somewhat less favorable geometrical conditions. 
The source to detector distance was 15 cm, the absorber 
was Lucite instead of beryllium, and the collimator 
opening was 1} in. in diameter. The estimated outer 
bremsstrahlung contribution was 5 percent as compared 
to 0.6 percent for Run 2. 

Figure 8 shows the results for Rak for the source as 
originally prepared and the source spread over a 
twofold larger area. In the latter case it was necessary 
to use the larger 1} inch collimator. 


E. Comparison with Theory 


It has been shown by Wang Chang and Falkoff® that, 
in the low energy photon region in which most, of the 





Fic. 6. Net correction to the spectrum resulting from 
escape of K x-rays. 
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Fic. 7. P® inner bremsstrahlung spectrum, kS(k), mc? per unit 
mc* energy interval vs k in units of me. 


radiation occurs and in which these studies were made, 
the intensity per beta-particle is insensitive to the 
degree of forbiddenness or the nature of the interaction 
involved in the beta-decay process and that, to an 
accuracy well within limits set by these measurements, 
the emission probability S(&) can be factored as follows: 


Wo 


S(k) f P(W,)®(W,, k)dW., (5) 
1+k 


where P(W,) is the normalized beta-spectrum for 
which the experimental spectrum may be used and 


P(W,, k) = In(W,+ p,)—2 ’ (6) 


aps ee W,’) 


1 pek W eps 


where W’, is the “created” electron energy; p, is the 
“created” electron momentum, (W?2—1)!; W, is the 
observed electron energy, (IW.—k); p. is the observed 
electron momentum, [(IV,—k)?—1]!; @ is the fine 
structure constant, 1/137; and k is the photon energy. 
All energies are in units of mc?, and all momenta in 
units of me. 

This factoring implies that the beta-decay and 
radiation can be considered to be independent processes. 

Equation (5) was integrated numerically using 
normalized energy spectra obtained from P® and Rak 
spectra given respectively by Siegbahn™ and Neary.” 
The results multiplied by the photon energy & in order 
to remove the low energy divergence are shown as the 
solid lines in Figs. 7 and 8. 

These theories neglect the effect of nuclear charge on 
the radiation, but it has been shown by Hellund 
(unpublished calculations) that these effects are 
unimportant. 

Both the P® and RaE spectra show a peaking in the 
region of 80 kev. One would expect an amount of AK 
x-rays from Rak due to electronic excitation during 
beta-decay of the order of 0.6/Z* or 10-4 K x-ray per 
beta-decay."" This is in rough agreement with the 

2K. Siegbahn, Phys. Rev. 70, 133 (1946). 


3G, J. Neary, Proc. Roy. Soc. (London) A175, 71 (1940). 
A. Migdal, J. Phys. (U.S.S.R.) IV, 449 (1941). 
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number of photons corresponding to the area in the 
peak in the RaE curve. In addition to this, some K 
x-rays arising from photoelectric absorption of outer 
or inner bremsstrahlung in the faces of the conical slit 
would contribute to both curves. 

The higher intensity shown in P®, Run 1, at low 
energies is probably due to the larger amount of outer 
bremsstrahlung present in this case. The effect would 
tend to concentrate at low energies because the multiple 
scattering process involved in beta-absorption would 
lower the average energy of the radiating electrons and 
thus lower the average energy of the bremsstrahlung. 

In view of the above considerations and the diffi- 
culties involved in the accurate application of the 
many correction factors described in Sec. II C, these 
measurements are considered to be in good agreement 
with the predictions of the theory. 


III. BETA-INNER BREMSSTRAHLUNG 
ANGULAR CORRELATION 


A. Experimental 


The apparatus is shown schematically in Fig. 9. A 
plastic vacuum chamber is used to reduce electron 
scattering and outer bremsstrahlung production. The 
chamber body is made of }-inch Bakelite-impregnated 
fiber tubing and the top and bottom of 3-inch Bakelite 
using O rings for vacuum seals. The sources are mounted 
on thin films supported on an aluminum ring in turn 
supported by a Lucite mount centered in the chamber. 

The electron detector is a stilbene crystal cemented 
into a Lucite light guide which is in turn cemented 
onto the face of a 5819 photomultiplier tube with 
Gelva V-1.5 cement. A unit of this type can be assem- 
bled in an oven at 75°C after careful warming of the 
crystal wrapped in several layers of cleansing tissue. 
The Gelva cement should previously have been melted 
in a vacuum and dissolved gases pumped out. 

The face of the crystal is coated with a very thin 
layer of silicone stopcock grease and 0.2 mg/cm? alumi- 
num foil adhered to the surface to serve as a light 
reflector and to reduce the rate of sublimation in the 
vacuum. 
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Fic. 8. RaE inner bremsstrahlung energy intensity spectrum, 
kS(k), mc? per unit mc? energy interval vs & in units of me’. 
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The vacuum seal is made by means of an O ring seal 
to the tube face. 

The chamber and detector are fastened to a table 
which can be automatically rotated in 15° steps at 
predetermined time intervals. The timing clock also 
trips a single-frame movie camera which records the 
necessary counting data from the scaling circuit 
registers. 

The gamma-detector is a NalI(TI) scintillator as 
described in Sec. II. The pulses are double delay line 
shaped'® to reduce the pulse width below 0.1 usec. A 
diagram of the coincidence system is shown in Fig. 10. 
The pulses are fed through distributed line amplifiers 
with a gain of 100 on each side, delay line shaped, and 
fed through cascades to a 12AT7 coincidence mixer and 
to trigger pairs delivering 0.3-usec pulses. The output 
of the mixer drives a trigger pair delivering a 0.5-usec 
pulse. The trigger-pair pulses are fed into a simple 
crystal diode triple coincidence circuit to insure that 
only pulses which have been recorded as singles counts 
can record as a coincidence. 

The coincidence circuit was designed and built by B. 
Norris of this laboratory and was designed to be used 
in conjunction with the 200-ohm distributed line ampli- 
fiers which are available commercially. The coincidence 
circuit has built into it pulse shaping delay lines which 
allow pulses to be shaped at 0.015, 0.03, 0.075, and 
0.15 microsecond width. The minimum resolving time 
of the coincidence circuit is thus 0.03 microsecond. For 
this experiment the stilbene pulses were shaped at 
0.015 usec. In conjunction with the double delay line 
pulse shaping of the sodium iodide pulses at 0.075 usec, 
the measured resolving time was about 0.11 micro- 
second. Owing to the fact that the pulse size of the 
photon pulses is reduced by a factor of about 7 by the 
pulse shaping networks, for low energy photons the 
pulse sizes begin to fall into the tube noise region. 
Consequently, in order to obtain a high detection 
efficiency, i.e., close to 100 percent for photons of 
energies down to 40 kev, it is necessary to operate at a 
photomultiplier voltage such that the noise background 
is of the order of a few thousand counts per minute. 
The beta-particles are detected down to energies of 
about 50 kev. Thus the coincidences detected are 
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Fic. 9. Beta-gamma angular correlation apparatus. 
1 T, B. Novey and D. W. Engelkemeir, Rev. Sci. Instr. 22, 
841 (1951). 
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Fic. 10. Block diagram of electronic circuitry for beta-inner 
bremsstrahlung angular correlation measurements. 








between §-particles of energies down to 50 kev and 
photons with energies down to about 40 kev. 

The experimental angular correlation measurements 
were made at angles from 180° to 45° on both sides. 
In the case of P® a point at 33° was obtained by 
crowding the detectors as close as possible. The corre- 
relation curves thus obtained were averaged and cor- 
rected for the finite angular resolution (20° full detector 
angle, about 1 percent geometrical efficiency). 

The chance contributions to the coincidence rates 
were measured carefully as they were often equal to or 
greater than the true rates. The measurement was 
made using duplicate sources located and shielded so 
that while the singles rates and the pulse-height distri- 
butions were the same as with the single source, no 
true coincidences could occur. 

As will be shown in the next section, no inner 
bremsstrahlung radiation is emitted in the directions 
colinear with the electron path, i.e., at 0° and 180°. 
Thus, the chance rate should equal the total coincidence 
rate at 180°. This agreement was never obtained 
probably owing to some contribution from scattering 
in the apparatus. 

The rates at 180° varied from 10 to 15 percent above 
the measured chance rates, and the excesses amounted 
to 10 to 15 percent of the true rates at 35°. When the 
source and detectors were suspended in air with as much 
material as possible removed from around them to a 
distance of one or two feet, these percentages decreased 
to 5 percent. 

It was not known whether this “scattering” correction 
was constant with angle between the detectors, but as 
it was small compared to the true coincidence rate at 
low angles, it was added to the chance rate and sub- 
tracted as a constant from the total coincidence rate. 
The correlation curves could not be compared to the 
theory on an absolute basis as the efficiency of the 
coincidence circuit is not well known but were normal- 
ized to agree at 45°. 
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Fic. 11. Beta-inner bremsstrahlung angular correlation in P®, 


Comparison of experiment (circles) with theory (solid line) 


normalized at 45°, &. 


The data are given by the points in Figs. 11 and 
12. 


B. Comparison with Theory 


The approximations valid for R&W. max which were 
used in Sec. IL E in obtaining the inner bremsstrahlung 
spectra also hold for the experimental conditions of the 
angular correlation measurements, and as shown by 
Wang Chang and Falkoff® and Madansky ef al.,® the 
correlations for low energy photons are insensitive to 
the degree of forbiddenness or type of interaction 
involved in the beta-decay. To be sure, if the correlation 
of higher energy photons were measured, as pointed 
out by the latter authors, there would be a considerable 
effect. As the number of these photons is very low, the 
measurement is difficult, though not impossible with 
high efficiency liquid scintillators and very fast 
(2r~10~* sec) coincidence circuits. 

The probability d® that a beta-particle emitted with 
energy W, will radiate a photon of energy k per unit 
photon energy interval at an angle @ between k and p, 
is given by 

ap, W2+W.? 
dd(W, k, 9) 
4x” pk W(W,- ps. cosé) 


1 
dQ,. (7) 


p. cos@)- 


(W, 


As shown by Wang Chang and Falkoff® on the assump- 
tion that & is small and thus that W.=W,, P.=/P, and 
as P/W =, W?=1/1—", Eq. (7) becomes 
3 sin'@ 
db dd, 
2rk (1—8 cos)? 
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or 
db a 
—~(W, k, 0)=— 


B? sin’ 
dQ 4n’k (1-8 cos)? 


(8) 


They also obtained this result by a purely classical 
relativistic calculation. 

lor the case at hand this must be integrated over the 
beta-spectrum detected and the range of gamma- 
energies detected; thus, 


db(0) a f¥ mx pW P(W)B sin’ 
—= dkdW, (9) 


dQ 49? Winin Yémin R(A— B cosé)? 


where k,,i, is the detector energy cutoff at 40 kev. The 
minimum beta-energy detected is about 50 kev, and as 
electrons below this energy produce essentially no 
radiation above 40 kev, the beta lower limit can be 





Fic. 12. Beta-inner bremsstrahlung angular correlation in RaE. 
Comparison of experiment (circles) with theory (solid lines) 
normalized at 45°. 


taken Integrating over the photon energy 


Eq. (8) becomes 


dd(6) a W max 
f In( e241 
dQ = 47° 


0 


as zero. 


B sin’?é 
x PW) dW. 
(1—£ cos6)? 


(10) 


This expression was evaluated numerically, and the 
normalized results are shown as the solid lines in 
Figs. 10 and 11. 

The experimental angular correlation is an excellent 
agreement with that predicted by the theory. 

I wish to express my appreciation to Dr. E. Hellund 
who gave much time to theoretical investigation of 
problems arising during this research, and to Dr. D. 
E:ngelkemeir for many helpful discussions during the 
course of the experiments and for permission to include 
some of his unpublished data in this paper. 
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The Continuous ns Spectrum Accompanying Beta-Decay* 


BoLcIANo, L. MADANSKY, AND F. RASETTI 
Sin Johns Hopkins University, Baltimore, Maryland 
(Received September 19, 1952) 


The spectral distribution and absolute intensity of the internal bremsstrahlung emitted in beta-decay was 
investigated in P®, Y", ane RaE. The gamma-radistion was detected by means of a NaI(TI) crystal, photo- 
tube, linear amplifier and one-channel discriminator. Care was taken to avoid spurious effects, and correc- 
tions were made for several factors. Both the spectral distributions and the absolute intensities of the con- 
tinua are in excellent agreement with theoretical predictions. The differences in the spectra due to allowed 
or forbidden types of the beta-transition and to different forms of interaction are too small to be detected in 
these experiments. Observations on the angular correlation of the internal bremsstrahlung of beta-emitters 
and on the internal bremsstrahlung emitted in K capture are also reported. 


I. INTRODUCTION First forbidden beta-transition ; scalar interaction : 


ray spectrum accompanying beta-decay has been — 5) =~ 
reported previously.’~* The work reported here repre- 12x kl 
sents more complete results and extends the range of m 
investigations to 20 kev. Some results on the angular ws: gis Sake ‘+ we( x n s:') 
correlation between the beta-ray and its associated 8 5 
bremsstrahlung are also given. . 

The theory of the spectral distribution of the internal ; oe 15 es (6 r 
bremsstrahlung was first given by Knipp and Uhlen- ; \ ae 3. he (—. 
beck,® and Bloch.® Further calculations on the brems- 
strahlung from first and second forbidden beta-transi- 
tions were made by Chang and Falkoff’ for scalar inter- 
actions. A calculation of the first forbidden case for 
tensor interaction with the selection rule (AJ=2; yes) 
was made by Madansky et al.* The expressions for the 
spectral distribution of the gamma-rays for the allowed 
and forbidden cases are given below. 

The following expressions utilize the notation of 
Chang and Falkoff,’ where x= W o—k. 


Allowed beta-transition: * eae ‘) n ("x Pisoni 
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Fic. 1. Energy distribution of gamma-rays following allowed 
and first forbidden beta-transitions. Wo=4 in relativistic units. 
Ordinate S(k) normalized to unity for k=0.05. Abscissa k meas- 
ured in relativistic units. The dotted curve represents both the 
scalar theory and the tensor theory. The solid curve represents 
the allowed theory. 


( formula continued from preceding page) 


i. 664 7 
-|we( 2-4 )+ wa( - —< 
9 9 2 
1 4481 97 4 
— «) wel — xi ——z2-4-— -) 
4 900 600 225 
363 = 1337. 437 1306 
+(-- s— — +)+( —x8 
100 1800 900 1225 
769 7733 4 
———~—x4-+ ———-47 - -) (x°— vf 
22,050 44,100 1225 

A plot of the gamma-ray spectrum is shown in Fig. 1. 
In the energy range of 20-200 kev, one finds that the 
shapes of the allowed and forbidden cases are almost 
identical. The ratio of the total intensity of gamma-rays 
(in units of mc*) to the total number of beta-rays for 
an allowed beta-transition can also be computed theo- 
retically and is tabulated in Sec. 4. 

Phosphorus 32, yttrium 91, and radium E are all 
pure beta-emitters and, hence, were chosen for the 
experiment. P® exhibits an allowed shape for its beta- 
spectrum.’ Yttrium 91 has the unique a-2 type spec- 


trum® where the form of the beta-interaction is tensor 
or axial vector with the selection rule (AJ=2; yes). 


°C. S. Wu, Revs. Modern Phys. 22, 386 (1950). 
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The radium E beta-spectrum also differs from the 
allowed shape. A mixture of interactions’? gives a 
reasonable fit to the shape of its beta-spectrum. How- 
ever, no calculation using this particular mixture of 
interactions (tensor and pseudoscalar) has been made 
for the internal bremsstrahlung. No calculations have 
been made employing the correct Z dependence for 
these three cases. Since the allowed and forbidden cases 
yield internal bremsstrahlung spectra which differ by 
only a small fraction of our experimental error in the 
energy range investigated, the experimental data have 
been compared with the allowed theory in each case. 
The results are described in Sec. 3. 

The angular correlation of the beta-ray and _ its 
bremsstrahlung also has been derived for the case of 
an allowed beta-transition,®® and for the unique a-2 
first forbidden transition.* The correlation function 
depends on the range of beta-ray and gamma-ray 
energies used in the experiment. For a given range of 
energies the calculations show that for the special 
first forbidden beta-transition® discussed, the angular 
correlation functions differ from the allowed ones. 
Recent work by Horowitz,"' however, indicates that if 
one considers an alternative mechanism for the brems- 
strahlung, namely, 


No*t+y 
No. y Nitv+et+y, 
7 Ni*¥+e+v 
in contrast to the usual one, 


No- »>Ni+ v+ e’—N,+ v+et+y, 


then for a forbidden transition the angular correlation 
function becomes practically identical with the allowed 
one. This nuclear effect could certainly be present. 
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Fic. 2. Corrected theoretical spectrum for P® and experimental 
data. Experimental arrangement is shown in inset. 

10 A, G. Petschek and R. E. Marshak, Phys. Rev. 85, 698 
(1952). C. S. Wu, Proc. Intern. Conf. Nuclear Phys. and Phys. 
Fundamental Particles, p. 160 (Sept. 1951). 

4 J. Horowitz, J. phys. et radium 13, 429 (1952); and private 
communication. 
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However, this result is also based on calculations which 
do not include the Z dependence. 

The experiments described below were designed to 
verify the theoretical predictions of the shapes of the 
internal bremsstrahlung continua. Some experiments 
were also conducted to obtain the qualitative behavior 
of the internal bremsstrahlung angular correlatior.. 


II. EXPERIMENTAL PROCEDURE FOR MEASURING 
ENERGY SPECTRA 


The experimental arrangement used with the beta- 
sources is shown in Fig. 2. The source was mounted 
about 15 cm above the Nal crysta!. In order to stop 
the beta-particles and to prevent their being scattered 
into the crystal, a lead table top (1% 20X20 inches) 
covered with }-inch plywood was placed with its top 
surface half-way between the source and crystal. The 
center of the table contained a copper plug with a 
hole about 3 inch in diameter to pass the radiation to 
be examined and covered with a ;‘,-inch Lucite plate 
to stop the beta-particles in such a manner as to avoid 
admixture of the ordinary bremsstrahlung produced in 
stopping the beta-rays.! 

Sources of the order of 0.1 millicurie were used. The 
gamma-radiation was measured by means of Nal(T1) 
crystals (about 2X2X1 cm), a 5819 phototube, a linear 
amplifier and a one-channel discriminator. The P® and 
Y* sources were evaporated on small circular disks of 
3-mg/cm? tissue paper about 10 mm in diameter. The 
RaE source was deposited electrochemically on one side 
of an 0.2-mil nickel foil strip of similar area. 

By backing the source with mica and Lucite, it was 
determined that the external bremsstrahlung originat- 
ing in the source holder was at most 1 percent of the 
total count observed. The relative contribution of ex- 
ternal bremsstrahlung originating in the Lucite plate 
“beta-stopper” was ascertained to be of the order of 
3 percent by varying the solid angle which it subtended 
at the scintillation crystal. Small amounts of lead in 
the vicinity of the crystal were sufficient to enhance 
the observed spectrum by ten percent or more by re- 
radiation of the lead A x-ray. Accordingly, the only 
Pb shielding used was the thick lead table provided 
with a copper-lined aperture. Source and crystal were 
enclosed together in the same light-tight covering, since 
as little as two strips of black scotch electrical tape 
between source and crystal absorbed sufficient radia- 
tion to alter the spectrum by about ten percent. The 
crystal was calibrated in the region from 20 to 60 kev 
with monochromatic x-rays from a Bragg-focusing 
x-ray spectrometer, and at higher energies with the 
line spectra of Cd!° (22.8-kev x-ray and 89-kev gamma- 
ray) and Os!*> (62.8-kev x-ray). The pulse-height 
spectra obtained were Gaussian within 2 or 3 percent, 
and at the higher energies showed a smaller peak of 
about 30 kev less energy, owing to escape of the iodine 
K x-ray, in quantitative agreement with the data of 
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Fic. 3. Plot of the width at half-maximum of the pulse-height 
distribution for monochromatic gamma-rays. 


West, Meyerhof, and Hofstadter," and with a theo- 
retical computation for the particular geometry used. 
The line-width dependence on energy is shown in Fig. 3. 


III. CORRECTIONS 


For comparison with experiment the theoretical 
spectra were corrected for absorption in the Lucite 
beta-stopper and aluminum foil, crystal efficiency, K 
x-ray escape, and instrumental resolving power. Meas- 
ured x-ray absorption coefficients given by Compton 
and Allison'* were used to correct for Lucite absorption 
and crystal efficiency. Absorption in the Lucite and the 
strong photoelectric absorption of iodine combined to 
make these particular corrections small over most of 
the energy ranges examined. It has been pointed out by 
West, Meyerhof, and Hofstadter” that near the K- 
absorption limit of iodine the K x-rays of iodine emitted 
subsequent to a photoelectric gamma-ray absorption 
will frequently escape from the crystal instead of being 
absorbed. The result is that a fraction of the gamma- 
rays will give rise to pulses of lower height. A quantita- 
tive prediction of this effect which considers the 
fluorescence yield of iodine as measured by Martin" 
was used to correct the spectrum for this effect. Figure 4 
shows the theoretical spectrum of RaE both with and 
without the above corrections. The third curve shown 
has been corrected for instrumental resolving power by 


West, Meyerhof, and Hofstadter, Phys. Rev. 81, 141 (1951). 

A. H. Compton and S. K. Allison, X-Rays in Theory and Ex- 
periment (D. Van Nostrand Company, Inc., New York, 1935). 

4“ L. H. Martin, Proc. Roy. Soc. (London) A115, 420 (1927). 
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Fic. 4. Effect of corrections on the shape of the spectrum. The 
upper solid curve is the pure theoretical spectrum. The dotted 
curve includes all corrections except the folding due to the spread 
in pulse height for a monochromatic gamma-ray. The lower solid 
curve shows the final fully corrected spectrum. 


folding it with a Gaussian curve whose empirical half- 
width varies with energy as shown in Fig. 3. 


IV. RESULTS 


The spectral shape is found to agree with the theory 
within the experimental error from 30 to 150 kev. 
Figures 2, 5, and 6 show corrected theoretical curves 
compared with the experimental data above 30 kev. 
No experimental points are shown below this limit, 
since the rapid rise of the theoretical curve combined 


with the fast increase of the absorption coefficient in 
Lucite, make it impossible to state with any assurance 
that the theory is verified within better than 20 percent 
in this region. Measurement of the total energy in the 
bremsstrahlung spectrum (above 90 kev) per electron 
emitted has been repeated in the manner previously 
reported.! The ratios /,/Ng of the gamma-ray energy 
(in units of mc’) in the entire spectrum per beta-particle 
(assuming that the ratio of gamma-energy above 90 
kev to that below 90 kev is the one theoretically pre- 
dicted for an allowed transition) are given in Table I 
for the three sources investigated. 

The theoretical ratio was computed using the for- 
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. Corrected theoretical spectrum for Y" and 
experimental data, 
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mula for J, given by Chang and Falkoff (reference 7, 
p. 367), which was obtained by exact integration of their 
exact formula (5). Novey* finds a somewhat higher 
gamma-intensity from Rak, but it is believed this dis- 
crepancy might be explained by our uncertainties in- 
volved in evaluating the effects of scattering of the 
low energy beta-particles from RaE. Levinger'® has 
computed theoretically that a Po x-ray of strength 
0.64/Z? per beta-particle should be present in addition 
to the RaE bremsstrahlung spectrum. The expected 
effect of such an x-ray is shown in Fig. 6 and is seen to 
be within our experimental error. Novey has reported 
the existence of such an x-ray.‘ 

The bremsstrahlung accompanying AK capture has 
also been observed for Fe®5. We find an end-point energy 
of 200+10 kev, in good agreement with the end-point 
energy of 205 kev reported by Maeder and Preiswerk.‘ 
The correction procedure described above was applied 
to the theoretical spectrum to obtain this figure. 
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Fic. 6. Corrected theoretical spectrum for radium E and ex- 
perimental data. The dotted portion shows the additional effect 
of Po x-rays from the photoefiect due to the beta-decay as calcu- 
lated by Levinger. 


V. ANGULAR CORRELATION EXPERIMENTS 


An experimental determination of the angular cor- 
relation between the beta-particles and the brems- 
strahlung from P® and Y* was also attempted. The 
source was mounted on the axis of a cylindrical evacu- 
ated Lucite chamber. The 8-particles were counted 
with a 5819 phototube and a cylindrical stilbene crystal 
1 inch in diameter and 113 inches long with a }-inch 
diameter hole running { inch into the crystal to admit 
the particles and avoid their being scattered out of the 
crystal. This crystal was mounted within the vacuum 
system and separated from the phototube by a vacuum 
tight Lucite covering about ;g in. thick. The photons 
were counted with a solid stilbene crystal 13 in. in 
diameter and 1} in. in length which together with a 
5819 phototube could be rotated about the evacuated 
chamber. This crystal was placed with its front face 


18 J. S. Levinger, thesis, Cornell University, unpublished (1949) 
and private communication. 
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an inch and a half further from the source than the 
beta-counter and shielded with }-inch lead to avoid 
scattering between the crystals. 

Coincidences were detected electronically with a co- 
incidence circuit of 2 10~* second resolving time. The 
gamma-counter pulses were inverted and delayed elec- 
tronicaliy by approximately 100 my-seconds with re- 
spect to those from the beta-counter, and both dis- 
played on a synchroscope with a 50 myu-seconds per cm 
sweep triggered by the coincident circuit. The resulting 
traces were photographed and analyzed with respect 
to pulse heights and separations. 

A rough calibration of the beta-crystal was made by 
finding the pulse heights corresponding to the upper 
end points of known beta-spectra. Known gamma- 
sources were used to calibrate the gamma-counter. An 
experiment was performed in which all beta-pulses 
corresponding to electrons of energies greater than 250 
kev, and all gamma-pulses corresponding to photons of 
energies greater than 100 kev were recorded. The re- 


TABLE I. Gamma-ray energy per beta-particle, 1,/Ng. 








ly ‘Ng in units of me? 


Theory 
(allowed transition) Experimental 


238X107? 232x102 
1.97% 10-3 1.90% 10-8 
1.111073 


0.84X 10% 


Maximum 
beta-energy 


Source Mev 





pa 4.72 
yu 115 
Rak 








sults of this experiment were compared with the dis- 
tribution derived from quantum mechanical allowed 
theory, suitably integrated and corrected for this ex- 
perimental situation, and are as shown in Fig. 7. Also 
shown is the distribution derived from the classical 
theory’ as integrated for a similar situation by Novey.? 
The experiment appears to favor the correct quantum 
mechanical theory. The experimental point at 40° 
might be explained by scattering of photons greater 
than 300 kev from the beta-crystal into the gamma- 
crystal and from external bremsstrahlung originating 
in the beta-crystal from the impinging beta-particle. 
Since it was not possible to obtain a pulse-height resolu- 
tion better than 30 percent for given beta-energies, no 
experimental curves are shown for the correlation 
associated with beta-rays of selected pulse heights. It 
was true, however, that Y" and P®, which have similar 
beta end-point energies, gave correlations which did not 
differ from each other within an experimental error of 
10 percent at each position when the correlation was 
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Fic. 7. Theoretical angular correlation curves for an allowed 
transition. The solid curve is calculated for the condition that one 
accepts all B-rays above 250 kev and all y-rays above 100 kev. 
The dotted curve represents the classical correlation function de- 
rived for the same conditions. Both curves are corrected for solid 
angle of the counter. 


plotted for beta-counter pulses of only a 20 percent 
range of pulse amplitudes corresponding on the average 
to kinetic energies in the region of the order of 500 kev. 
Novey’ has recently reported good agreement with the 
theoretical result for allowed transitions. 


VI. CONCLUSIONS 


The experiments show excellent agreement with the 
predicted internal bremsstrahlung spectra. The calcu- 
lations of Levinger on the relative amount of K-electron 
ejection appear to fall within our experimental error. 
The interesting question of the existence of the “Horo- 
witz effect,’’ however, cannot be answered by our ex- 
periments. It would, therefore, be of extreme interest 
to perform the correlation experiment with a beta-ray 
spectrograph providing good energy resolution. 

We wish to thank Professor J. A. Bearden and Mr. 
C. Roos for their generous help with the x-ray spec- 
trometer. 
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The method of Salpeter and Bethe is applied to the three-nucleon bound state problem. Ir a first approxi- 
mation involving only multiple ladder-type diagrams, and neglecting retardation effects altogether, an 
equivalent Hamiltonian is derived which contains as potential energy merely the static Yukawa potentials 
of the three nucleon pairs. If the retardation corrections are treated as small perturbations, e.g., in a scalar 
theory, the resulting three-particle interactions prove to be small of the second order, and no larger than 
those deriving from other classes of Feynman diagrams. 

Appendix I gives the static solution of the four-particle problem, and Appendix II the first-order retarda- 
tion correction to the two-body potentials for scalar theories. 





1. GENERAL ARGUMENTS 


F three or more particles (electrons or nucleons) 

interact by the intermediary of a field (Maxwell or 
Yukawa field), the resulting interaction Hamiltonian 
contains terms depending on the coordinates of more 
than two particles.' If the field-particle interaction is 
treated as a weak perturbation, involving a small 
coupling parameter g, these n-body interactions carry 
at least the factor g?“"~. 

According to Feynman’s rules? for carrying out 
perturbation calculations, the three-body interactions 
of lowest order (g*) can result from diagrams like Fig. 1 
only. As the very structure of these diagrams indicates, 
they really describe iterated effects of (retarded) two- 
body interactions, rather than genuine three-body 
interactions. The same is true for all ‘multiple ladder- 
type’’ diagrams, an example of which is shown in Fig. 2. 
The lowest order true three-body interaction occurs in 
the order g*; Fig. 3 gives an example of a diagram that 
is not “reducible” to successive two-body interaction 
diagrams. 

The analysis is less simple if made from the viewpoint 
of a nonrelativistic approximation where the small 
effects of retardation are treated as corrections to the 
nonretarded forces.' Even the ladder diagrams may 
then, besides the iterated effects of static Coulomb or 
Yukawa potentials, give rise to interaction terms which 
may be classed as three-body interactions. However, 
the lowest order terms of this kind derive from the 
g' diagram Fig. 1, and it is easy to see that their 
effect, say, on the binding energy of the triton, can 


¢------49 


Fic. 1. Feynman 
diagram for three- 
body interactions of 
lowest order (g*). 


@------ 











111. Primakoff and T. Holstein, Phys. Rev. 55, 1218 (1939). 
2 R. P. Feynman, Phys. Rev. 76, 749, 769 (1949). 


hardly be larger than that of the “genuine” three-body 
forces deriving from g® diagrams like Fig. 3, notwith- 
standing contradictory results previously reported on 
the basis of (old-style) fourth-order perturbation 
calculations. 

In atomic problems, as long as the nucleus can be 
regarded as a fixed center of force and the electron 
interactions as small corrections, a perturbation treat- 
ment is adequate. Not so in nuclear binding energy 
problems. For the two-nucleon problem, Salpeter 
and Bethe' have suggested the use, of a general 
integral equation following from Feynman’s theory.’ 
In a “first approximation,” they retain in this equation 
all terms referring to ladder-type diagrams, but only 
these. Other classes of diagrams may be taken care of 
in higher approximations. It is obvious that similar 
methods, applied to the nonrelativistic three-nucleon 
problem, promise to be helpful in clarifying the problem 
of the three-body forces. In the “‘first approximation,” 
involving multiple-ladder diagrams only, one may start 
out with a “‘static approximation,” in which retardation 
effects are completely neglected. In this case no three- 
body interactions are expected to appear, and indeed, 
as will be shown, the problem reduces to a Schrédinger 
equation in which the potential energy consists merely 
of the ordinary static potentials of the three pairs. 
Then, re-introducing the retardation and also addi- 
tional diagrams like Fig. 3, one should be able to 
correct this Schrédinger equation for three-body forces. 


3This refers to the terms called “specifically quantum-me- 
chanical” by Primakoff and Holstein, reference 1, and to all 
terms calculated by L. Janossy, Proc. Cambridge Phil. Soc. 35, 
616 (1939). Actually these authors, neglecting nucleon recoils, 
disregard virtual intermediate states (called n’ or //, respectively) 
with no mesons present. If one includes the corresponding matrix 
elements and expands into the small recoil energies, the first-order 
terms of this expansion cancel the ‘“quantum-mechanical” terms 
resulting from intermediate states (n’ or //) with two mesons 
present, calculated with neglect of recoil. The type of meson 
theory used (scalar-neutral or vector-charged, say) is irrelevant 
in this respect. (Dr. H. Primakoff has kindly informed me that 
he has been aware of the occurrence of such cancellations for 
some time: see the “Addendum” in reference 1.) 

‘FE. E. Salpeter and H. A. Bethe, Phys. Rev. 84, 1232 (1951). 
See also M. Gell-Mann and F. Low, Phys. Rev. 84, 350 (1951), 
where a derivation from quantum field theory is given, 
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THREE-NUCLEON 


Only effects of retardation, linear in the nucleon 
velocities, are studied in the present paper. 


2. THREE-PARTICLE PROBLEM IN 
FIRST APPROXIMATION 


From the general integral equation for the three-body 
problem, which is obviously complicated, we immedi- 
ately discard all terms referring to nonladder dia- 
grams. The thus reduced equation [which corresponds 
to Eq. (11a) in Salpeter’s and Bethe’s paper,‘ with G 
already replaced by G"’, describing the retarded inter- 
action of two particles resulting from a single quantum 


Fic. 2. A “multi- 
ple ladder-type”’ dia- 
gram. 











link | has the following general structure: 


iv(1, 2, 3) 


= f farvary K(2, 2’)K(3, 3’)G(2’, 3’)W(A, 2’, ; 


+f fararxe, 3)K(A, 1)G(3’, 1) Y(1’, 2, 3’) 


+ f farvar’ K(A, 1’) K (2, 2’)G(1’, 2’)w(1’, 2’, 3). (1) 


As a consequence, one derives a differential equation 
[analogous to Eq. (19a) of Salpeter and Bethe® ]: 
m2)(t¥3—ms)Y(1, 2, 3) 
m)G(2, 3) + (i¥2—mz)G(3, 1) 

+ (19 ,—m,)G(1, 2) wa, a 3). 


m)(tVe— 
=i[ (i¥i- 


(i¥i- 


(2) 
Analyzing into plane waves, 
expl+id. Pp." Xs— idee Et, ), 


6 See also Y. Nambu, Prog. Theoret. Phys. 5, 614 (1950), Eq. 
(82). 


INTERACTIONS 


IN YUKAWA THEORY 


Fic. 3. A diagram 
that is not “reduci- 
ble” to successive 
two-body interaction 
diagrams. 











and using the center-of-mass frame, 


aa p.=9, 


one defines a bound stationary state of the system by 
requiring that, for all times ¢, equal, y be purely peri- 
odical with time, with frequency less than }°m,: 


>. £,=L.m,—B, 


The single-time eigenfunction may then be written 


UXexpl—i(X, m.—B)t], 


u=f f farararoee—m,)+ B)Y(E), Fa, FE). 


It should be remembered that the masses m, are 
supposed to contain small negative imaginary parts, 
and the same is true for the binding energy B, if the 
variables FE, are to be real. 

In the following, we shall assume the three masses m, 
to be equal (triton), and adopt the following notation: 


E,—m+ B/3=6, Y.6=0 (3) 


B>0. 


such that 


U= fea. €.)¥(€1, €2, €3). (4) 


The e, are strictly real variables. 

To obtain a nonrelativistic approximation we may 
apply a Foldy-Wouthuysen transformation® with re- 
spect to each particle, leading to the substitution 
iv.-E,— p,?/2m in (2), provided, of course, that y and 
G are transformed accordingly and only “large” spinor 
components are retained. [Previous transformations 
are necessary in the pseudoscalar theory with pseudo- 
scalar (ys) coupling which case will therefore be 
excluded. | With the notation (3) and 


(p.), 


the substitution to be made in (2) is 
—(e,—T,(p,)). (6) 


carries the negative imaginary part of 


B/3+ p2/2m=T, (5) 
(iv,—m) 


Note that 7, 
B/3 or m. 


‘L. L. Foldy and S. A. Wouthuysen, Phys. Rev. 78, 29 (1950). 
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For a Yukawa theory involving only a single meson 
mass p, the resulting equation reads 


I] .[e.—7.(p.) (pi, €15 Pa, €2; Pa, €) 
=(6:/2ni) foe f datoeet n?—w?) 


X {Le Ti(pi) Posh(pi, €13 Pot %, e+; ps— x, €s—w) 

+[e2.—T2(p2) Psiv(pi-— x, €1— w} Po, €2; Pst x, €s+w) 

+[e— 7 3(ps) IT ob (pit K, +0; 

P2—, €2—; Ps, €3)}. (7) 
The symbols I’,,, here indicate the spin and isotopic 
spin operators characterizing the coupling type of the 
particular Yukawa theory, in a nonrelativistic approxi- 
mation. 
3. STATIC APPROXIMATION 

Following again Salpeter and Bethe, we now neglect 

the retardation in the Yukawa interaction operator: 
(u?+ x? — wr?) 9 (p+ ?) 1 

[Should [,,, depend on w, these w’s will be neglected 
too. | Then, defining static Yukawa interaction opera- 
tors by 


(Yosf)(pi, Pe, Ps) = — 9 f alana «)}> 


Tos f(pi, Pot, ps—%) (8) 
(similarly for the other nucleon pairs), and setting 


IL.{e— T (ps) Wer, €2, €3) tic x(e1, €2, €3), (9) 


’ 


we obtain from (7) in the ‘‘static’’ approximation 


x(€1, €2, €3) 

1 x(€1, e+, €37- 
= Vo;— ft +--+: (10) 
2ni (w+ €2— T2)(w— €3+T3) 


Note that the operator V2; of Eq. (8) affects the argu- 
ments pz and p; (not written out) in x as well as in 
T2, T3. 

The first w-integral in (10) is readily seen to be a func- 
tion of «, (and the p,) only [note that w—e3= (w+ e2) 
+e, ]; consequently, 

Xx=Do0 iAr™ Pi, Pz, Ps). 
Let 
fal€s Pi, P2, Ps) — SAT s(ps), Pi, P2, Ps) ed Xa(€s, Pi, P2, Ps), 
ya SAT.(p.), Pi, Pe, Ps) = xo(Pi, P2, Ps). 


x= Xo( Pi, P2, Ps)+L. Xe(€s, Pi, Pe, Ps); (11) 
xs(T.(p.), Pi, P2, ps) =0. (12) 


Inserting (11) into the first integrand in (10), one can 


Then 
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immediately carry out the w-integrations’ in the terms 
involving xo and x:(e:), whereas the “cross terms” 
involving x2(€z+w) and x3(€s;—w) will be shown to 
vanish. Anticipating this result, one finds 


x= —Vo3(a+72+ T3)"'Lxot xi(€1) J—- se*, (13) 


A soluticn of this equation is most easily obtained by 
temporarily relinquishing the constraint }’e,=0.8 
Doing so, we may set e,=7,(p,) (for all s) in (13), 
whereby x reduces to xo; the terms V23(3-7,)~'xi, etc., 
vanish because x;(€:, Pi, Pot *, Ps— %) =0 for e,= 71 (p1) 
and for all values of x, according to (12). With the 
inotations 


T=). T,(p.)= B+. p.’/2m, 


T xo cae 


(14) 
(15) 
the resulting equation reads 

(T+ VYost+VatYVi2)¢=0. 
Then, for arbitrary €,, (13) requires 


[i+ Vos(er+72+73) Jxi(ex) 
= (€;— 7) V23(e1+ T2+ T;) lo, (17) 


or 


xi(1)= —(a—T) © [—V2x(at+7T2+Ts)])"¢. 


n21 


(17’) 


The situation is similar for x2 and x3. This completes the 
solution of Eq. (13), valid in particular for e,=0. 
Equation (16), combined with (14), is the Schrédinger 
equation in momentum space of the three-body problem, 
involving the static two-body potentials only. 

We now prove the vanishing of the aforementioned 
“cross terms,” like 


X2(w+ €2) 
Van f de . — mamanapre 
(w+ €2—T2)(w—€3+73) 


dw 5 1 n 
=-Yuf ; 2 |= Ya on -|« 
(w—€s+T3)n>1 wtetT34+T7; 


Note that in such w-integrals all poles of the integrand 
lie on the same side of the real w axis (irrespective of 
how the p, arguments of 7’, are affected by the various 
Y operators, provided the p, remain nonrelativistic) ; 
hence all such integrals are zero. 

We finally want to calculate the single-time eigen- 
function U given by (4), expressing y in terms of xo 
and x,(e,), by means of (9), (11), (15), and (17’). The 

7 Here the negative imaginary parts of T, become important, 
e.g., 

(2mi) 4 f'dus(w+e2— T 2) (w— 3+ T3) 1 = (e2+€3— T2— Ts). 

8 This procedure can hardly impose undue restrictions on the 
solution. Indeed, a complete set of single-time eigenfunctions will 
be obtained. 
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contribution of xo is 


x0 f Polat et es)[T].(e.—T.) J 


= Te [de f datla- T)(e—- T:)(- e& ¢c* T3) | : 


= (29)*¢. (18) 
On the other hand, the contribution of x:(e:), as given 
by (17’), reduces to an ¢; integral with all poles on the 
same side of the real axis. Therefore, (18) is the only 
nonvanishing term in U; in other words, except for a 
normalizing factor, the solutions of the Schrédinger 
equation (16) are the single-time eigenfunctions of the 
problem (7) in the static approximation. They obviously 
form a complete set, if negative values of B are ad- 
mitted also. 

The method used in this section for the construction 
of static solutions can be generalized to apply to four 
or more particles. For the four-body problem, the 
solution is stated without proof in Appendix I. 


4. RETARDATION CORRECTIONS 


Within the framework of our nonrelativistic approxi- 
mation, characterized by the substitution (6), it is 
still meaningful to search for corrections to the static 
Yukawa potentials which are of the first order in the 
nucleon velocities v= p/m. In a closed system like the 
triton, 


v~p/m, T/u~me/pr~r. 


We therefore assume 7’<uw and look for corrective terms 
of relative order 7/u in the Schrédinger equation 
(16), in particular for terms of the three-body inter- 
action type. 

We restore the full, w-dependent, denominator 
(p?+ K?— w*) (7), but assume, for the sake of 
simplifying, that the operators I’,,, are independent of 
w (e.g., scalar theory). The first w-integral in (10) (to 
be carried out before the % space integration) is now 
replaced by 


ffi 


Here w,= (u2+x°)!, containing like u a negative imagi- 
nary part. The integrand is assumed to be known, from 
the static approximation, for w-values such that | w+ e.| 
and |w—e,| are of order T. If all |€,|~7, integration 
between —@ and +a, where T<ao<uy, gives the same 
value as in the static case, except for terms of relative 
order (7'/w,)* which are neglected. In the vicinity of 
the poles w= +w,, however, x(€1, €2+w, €;—w) cannot 
possibly be taken from the static approximation, but 


x(a, eto, €;—w) 


(19) 
PS SR Theme Td 


ACTIONS 


IN YUKAWA THEORY 


the integral equation itself indicates that® 


P 1 —w,e 
w) = V2;'- — 
Qari V—w.e 


x(€1, etet bie és a v) 
lnb-ond €2— Tr. rae aaah T “ 


x(é1, €2+w, €3— 


(20) 


can be calculated approximately for |w| 2 by using 
the static approximation for the integrand near the 
poles v=-tw,. This procedure should at least give the 
poles of the w-function x(€1, €2+w, €;—w) in the regions 
|w| 2 with the desired accuracy, and these poles are 
decisive when in (19) the contribution of the intervals 
w>a@ and w<—@ (for |e,)~7) are evaluated by 
contour integration. 

Three-body interactions might be expected to arise 
from the terms x2 and x; in (19) [see (11), (17’)] 
because they involve the operators Ys; and Yj», and 
appear multiplied with a factor like V3. These terms, 
however, vanish in our approximation, because the 
respective groups of poles lie on the same side of the 
real axis, and contours can be chosen such as to make 
the integrals obviously small. For the remaining terms, 
in the region |¢e,|~7, one obtains an equation of 
the form (13), with corrected Yukawa potentials Y,,, 
the corrections being of the order 7/u. These mod- 
ified potentials are the same as derived from the two- 
body problem by a corresponding approximation (see 
Appendix II). Except for this change in the meaning 
of the symbols Y, the static solution (16), (17) 
remains valid. 

Even if w-dependent I-operators are admitted (e.g., 
vector mesons") the result is the same, qualitatively. 
(Nuclear contact interactions and cut-off factors are 
implied if necessary.) The only exception, possibly, is 
the pseudoscalar theory with pseudoscalar (5) coupling 
which we deliberately excluded in Sec. 2 because then 
the nonrelativistic interaction is not (or not entirely) 
of the Yukawa type.'' This more complicated case 
must be studied separately. Otherwise, our result 
substantiates the expectation drawn from Feynman’s 
perturbation theory that three-body interactions of 
relative order 7/y, caused by retardation, are non- 
existent. The next order retardation correction will 
doubtless produce three-body terms, but in this ap- 
proximation it is no longer permissible to disregard 
higher order irreducible Feynman diagrams like Fig. 3 
which must give contributions of similar magnitude 
unless a major cancellation between various diagrams 
occurs. At the same time, since 7/u~v, relativistic 
corrections to Eq. (7) will become significant. 

oy wr is an integral operator like Vos of Eq. (8) but including 
in its integrand the factor —w?(v"?-—w, 

10 This is the case treated by Primakofi and Holstein, and by 
Janossy (see references 1 and 3). 

See L. L. Foldy, Phys. Rev. 84, 168 (1951); G. Wentzel, 
Phys. Rev. 86, 802 (1952). As for many-body interactions in such 
a theory, see G. Wentzel, Helv. Phys. Acta 25, 569 (1952). 
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APPENDIX I 
For the case of four particles, the generalization of 
Eqs. (1) to (10) is trivial. The static solution [corre- 
sponding to (11), (15), (16), (17) ] is 
(T+ > Y,.)¢=09, 


r<e 


x= To +> x.(€,)+ rE Xrel€r, és); 


[1+ (Vet Vaot Vo3)(+T2+T3+Ta)" Jx1 
=(6—T1)(Vart Vat Vas)(tTi+ Tit Ti) ¢, 


[1+ V sslert eet T3+ 74) Jxi2 
= (€:,—7))(€2—T2) V ss(ert eat Tst+ Ts) 
X{-[let72+7T3+T,)™ 
+ (e2+7,+73+T4) "Je 
+ (e+ T24+T34+Ts) “a-Ti) x1 
+ (ex+ Ti +T3+ 74) (e2— T2) x2}. 


¢ is again the single-time eigenfunction. 


APPENDIX II 


For the (wo-body problem, the integral equation 
corresponding to (7) is 


Lée—(1(p)/2) W(p, —) = — (¢/2ni) f a f de 


X[22?(w2—w*) J Ty (ptr, etw), (21) 


where 


€=€;=—€, P=Ppi=— p2, T(p)= B+ p*/m. 


In the static approximation, the solution is 
v=[€—-(7/2)*] "Te, (T+Y)¢=0" 


[see Salpeter and Bethe,‘ Eqs. (26), (27) ], valid for 
e~T only. A more general expression, valid for «2 u 
also, is found by the iteration procedure explained in 
Section 4 [see Eq. (20) }: 


(22) 


y=[e—(7/2)]}"x, (23) 


x(p, 6) = gf el2roe—-e)] 'To(p+x), (24) 


where ¢g is independent of ¢. For |«|«yu, x becomes 
approximately —]'¢, and (23) leads back to (22). We 
now insert (23), (24) into (21), carry out the w-inte- 
gration rigorously, and satisfy the resulting equation 
for small values of |e|(~7), leaving the extension to 
larger | e|-values to a later step in the iteration process. 
The result is a modified equation for ¢, e.g., in a 
scalar theory: 


(VY+YT"Y —Z)e=0, (25) 


13 Y = Vy; see Eq. (8). 


(Ze)(0)= 4/29") f feud 


x [we+ WW we? (wt we )wew,? | 


XI’ y(p+x.t+r’). (26) 


It is readily seen that, in a bound state, Z in (25) isa 
correction of relative order 7/y. Therefore, after the 
substitution 

T"Ye=—¢’, (27) 
which makes gg’ in the static approximation 
(Ye~--T¢), Ze may be replaced by Z¢g’, and (25) 
assumes the form of a Schrédinger equation with a 
corrected two-body potential (Y+Z): 


(T+V+Z)¢’=0. 
Z is a repulsive potential in all scalar theories. 
The single-time eigenfunction {dep is easily ex- 
pressed in terms of g’, namely, 


(28) 


(29) 


o'(p)—(¢/44?) f Po Tg! (pte). 


It obeys a more complicated equation obtainable 
immediately from (28)."* 

Obviously, the iteration method used here resembles 
the one proposed by Salpeter and Bethe (reference 4, 
Sec. V). The outstanding difference is that they replace 
the continuous set of poles of the function x(e)(24) 
(poles €= w,) by one single pole [e=b(u?+a~*p")!, b21; 
see their Eqs. (30), (36) ]. Our Ansatz (24) is probably 
the better initial approximation, although it may lead 
to difficulties in the practical evaluation of subsequent 
corrections. 

Of course, Eq. (21) disregards contributions from 
nonladder type diagrams which will introduce into (28) 
further correction terms of the same order as Z. A 
study of the gt Feynman diagrams indicates that the 
inclusion of these additional terms in Z amounts to 
merely altering the numerical factor I? in (26). In the 
three scalar theories, namely, 
r=1, 

P= t,2:t2rt tiytey; 


T= %,°%., 


neutral : 
charged : 
symmetric: 
the substitutions to be made in (26) are!® 
r0, 
I" — 4¢,%22, 


neutral: 
charged : 
symmetric: I*+—4,- 2. 

4 In a recent paper by M. M. Lévy [Phys. Rev. 88, 72 (1952), 
see Eqs. (47), (48), (52) ] an equivalent equation is given, for the 
neutral scalar theory. Lévy’s method of derivation seems to be 
practically identical with ours in the two-nucleon case. (This 
note was added after completion of this work.) 

16 These results confirm a general expression for the g* correc- 
tions to F which H. Primakoff has derived by old-style pertur- 
bation methods (private communication). A statement in Lévy’s 
paper (reference 14, p. 81) regarding the charge-symmetric scalar 
theory is incorrect. 
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The paramagnetic relaxation time of electron spins in a metal is calculated. Relaxation processes due to 
interaction with lattice vibrations, nuclear spins, other electrons, and impurity atoms are treated. It is 
found that the most important process of those considered is due to the interaction between electron mag- 
netic moments and the fields caused by the translational motion of other electrons. A relaxation time of 
about one microsecond is calculated for this interaction at room temperature, and is approximately inversely 


proportional to the absolute temperature. 


I. INTRODUCTION 


[' a metal is placed in a magnetic field, the spin 
magnetic moments of the conduction electrons tend 
to line up parallel to the field. Such an alignment of 
spins does not take place immediately, but is limited 
by the speed of the dynamical mechanisms that produce 
alignment. This relaxation process, which gives rise to 
a net magnetization of the metal, depends upon the 
interactions between the electron spins and other parts 
of the system. In order to calculate the effects of such 
interactions we shall treat the degenerate electron gas 
by means of the single particle model, so that all inter- 
actions are assumed to be small perturbations. The 
results will depend, of course, on the validity of this 
approach. A further approximation will be the use of 
plane waves, exp(ik-r), for the wave functions of the 
single particle states, and the expression, h?k®/2m, for 
the kinetic energy of such a state. 

In this paper we shall consider only the spin inter- 
action terms which cause transitions that change the 
net magnetic moment of the spin system. In other 
words, we shall determine the various contributions to 
what is commonly called the “spin-lattice” relaxation 
time. Interactions which tend to broaden the magnetic 
energy states without producing magnetic relaxation 
should not be important in metals, as they are in 
crystals, in view of the high velocity of the conduction 
electrons and the weakness of the spin-spin interaction 
studied in Sec. V. 

Let us assume that a metal with conduction 
electrons per cc is placed in a constant magnetic field 
K in the positive Z direction, which we shall call “up.” 
The spin state of an electron can either be up or down, 
and, according to Fermi-Dirac statistics, the number of 
electrons m4 or n_ per unit volume in k space with spin 
up or down is given by 


1 W2k?/2m+ BI — ey : 
%.=—j expt ————____——_ *) +4] . << 
87° KO 

* Taken from a thesis submitted in partial satisfaction of the 
requirements for the degree of Doctor of Philosophy at the 
University of California. 

t Now at the Physics Department, University of Illinois, 
Urbana, Illinois. 


Throughout the calculations the volume of the metal is 
taken to be 1 cc, 8 is the Bohr magneton, and @ is the 
absolute temperature. The parameters ¢€, and €~ are 
the Fermi energies of the appropriate distributions. 
However, it follows from the fact that the total number 
of electrons is N that 


€, te_=2e. (2) 


The constant €o is the Fermi energy of the electron gas 
before 5C was applied. The one degree of freedom that 
remains permits the description of various amounts of 
bulk magnetization. 

With approximations that are valid if BiC<x@ and 
x0<eo, the total numbers of electrons Vy and V_ with 
spin up and spin down are given by 


N = N/2+ mRo( €4 a €o + BH)/27°*h?. (3) 


The constant ko is the wave number (times 27) at the 
top of the Fermi distribution, so that ¢9= h*ko?/2m. 
Equation (2) follows by setting V,+V_=.\. Further- 
more, the net magnetization at any instant is 8D, where 


D=N_—N,. (4) 


The condition that the system of electrons with spin up, 
{+}, and the system of electrons with spin down, {—}, 
be in equilibrium is that e,=e¢_. From (3) and (4) the 
equilibrium value of D is 


Do _ mMBRW/ wh’. (5) 
The progress of the combined system, {+}+{—}, 


towards equilibrium can then be described in terms of 


the process 
D—Dp. 


One expects that the variation of D with time will be 
in accordance with the equation 


dD/dt=(Do—D)/T. (6) 


This equation serves as a definition of the relaxation 
time 7, and we shall prove that this equation has the 
correct form. If there are several independent mecha- 
nisms which produce orientation, then 


1/T=1/T,, 


where the 7; are the relaxation times to be associated 
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with the individual processes. Short relaxation times 
are most important, whereas long ones can be neglected. 

Six interactions which can induce transitions between 
the spin states in a metal so as to cause such a relaxation 
process are: (a) Interaction of the electron spin with 
magnetic fields arising from transverse lattice vibra- 
tions. (b) Interaction with electric fields arising from 
longitudinal lattice vibrations. (c) Interaction with 
nuclear spins. (d) Interactions with spins of other 
electrons. (e) Interaction with electric currents due to 
the translational motion of other electrons. (f) Inter- 
action with impurities. These couplings with electron 
spins are smal] compared to the electron lattice inter- 
actions that are important, for example, in the theory 
of conductivity. This fact allows us to assume that in 
times which are short with respect to the action of the 
above processes and long compared to the collision 
time (10~" sec) of conductivity, {+} and {—} are 
independent but weakly interacting systems, each of 
which is in thermal equilibrium as regards its momen- 
tum distribution for the lattice temperature 6. There- 
fore, the distribution (1) holds throughout the relaxa- 
tion process with the Fermi energies €, and ¢_ as time 
varying parameters. 

Each of the relaxation times will be determined by 
the following scheme. We shall compute the number of 
spins, W4,_, flipped per second from {+} to {—} and 
the number W_,, flipped from {—} to {+}. The rate 
of change of D is then given by 


dD/dt=2(W4,-—W_, +). (7) 
In each case we shall find that this quantity is propor- 


tional to e,—e_, which, by (3), (4), and (5) is related 
to Do—D: 


Do— D= mk), —€_)/2a*h’. (8) 


Therefore, (6) is proved to hold in each case and T can 
be identified from the coefficient of Do—D. Also, since 
equilibrium obtains when dD/di=0, one proves in a 
dynamical] way that equilibrium is complete only if the 
Fermi energies are equal, which fact is, of course, a 
general result of statistical mechanics. 


II. INTERACTION WITH TRANSVERSE PHONONS 


In this section we shall compute the relaxation caused 
by the interaction between the electron magnetic 
moment, — 8e, where @ is the Pauli spin vector, and the 
magnetic field 3¢’(/) produced by the lattice vibrations 
of the metal. We will assume for the present that there 
is no correlation between the translational motions of 
the free electrons and the vibrational motions of the 
lattice. The field 3¢’ arises from the current j(/) pro- 
duced by the mass motion of the charged lattice points. 
If s(t) is the displacement vector describing the lattice 
vibrations, the current density is given by 


j=Neds/dt. (9) 


OVERHAUSER 


The assumption that there is one conduction electron 
per atom has been used here. 

The magnetic field arising from such currents can 
be determined from the Maxwell curl equation. 


curl 3’ = (d D/dt+4209&+4n})/c. 


However, the displacement current term is negligible 
and the conduction term is small for phonon frequencies 
greater than 10’ per second. We may therefore use 


(10) 


(11) 


In writing Eq. (9) we have treated the positive ion 
lattice as a uniform distribution of positive charge. 
We shall also use the Debye model for the lattice 
vibrations and shall treat them by the method of field 
quantization. The displacement operator can then be 
written! 


curl K’ =42j/c. 


s= (h/2pw)'exy’ (axe *+ a KATE &-r) (12) 


The summation sign over K and \ has been omitted. 
ex,’ and ex,’ are polarization vectors perpendicular to 
K and ex,’ is parallel to K. The velocity of sound in the 
metal is « and w=uK. The density of the metal is p, 
and ax, and a@x* are destruction and creation operators, 
respectively, defined so that their nonzero commutators 
are 1. From (9), (11), and (12) the operator for the 
perturbing magnetic field is 


(13) 


It can be shown that only transverse vibrations give 
rise to magnetic fields, so that \ is summed only over 1 
and 2 in (13). Furthermore, ex;= —ex2’ and exo=ex)’. 

We will quantize the free electron field with the 
following conventions. The creation and destruction 
operators for particles with spin up will be indicated by 
b’s, whereas the corresponding operators for electrons 
with spin down will be indicated by d’s. The field 
operator for the system {+} is then 


5’ =4aNe(hu/2pc?K)'exy,(axye'™ *+ axy*e~"®'*), 


g= bye*-, 


Similarly, the field operator for the system {—} can 
be taken: 
y=dy,e**"'. 


The phonon eiectron interaction is 83¢’-e, so that the 
perturbation operator of the electron phonon fields is 


¢\* ¢ 
u-{ ( ) ase’-of Jer 
v Y 


Evaluation of this expression gives 
H=4nNeB(hu/2pceK)*{[ (exr)2— (€xa)y |} 
X (6x0 KO drt ben KOK *dyaKy*) 
+[(exr)2t (eKa)y }(bx-—n—Kd a *b,aK, 
+ bun Kdy*byaK,*)}, 


1A. Sommerfeld and H. Bethe, Handbuch der Physik (Julius 
Springer, Berlin, 1933), second edition, Vol. XXIV, 2, pp. 500 ff. 


(14) 
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plus four other terms which do not contribute to the 
relaxation process, and which we shall drop. The first 
term, for example, flips a spin up while absorbing a 
phonon. The conservation of wave number that obtains 
in emission or absorption of phonons is indicated by the 
symbols, 6yx--x-«, which are 1 only if k’/—-k—K=0. 
The above operator can be simplified by averaging the 
factors (ex,).°+(ek,),? which enter the squares of the 
matrix elements and by summing over both directions 
of polarization. A factor 4/3 is obtained, so that we 
can set 
H= SrNeB(hu, ‘6pc?K) (by: _y—Kby*d, aK 
+ bung KO *dgaK*+ ben Kd ue’ *OyaK 
+ bun Kd y*O,aK*). (15) 


We will now use first-order perturbation theory to 
calculate the number of electrons in {+} which flip 
their spins down per second. Let us consider an electron 
in the state k in {+)} and calculate the transition 
probability per second that it flips its spin due to 
phonon emissions of wave number in the interval 
(K, K+dK). We will assume for the present that the 
states k’ in {—} are unoccupied. The transition rate is 
given by 


W une ™dK = (24/h)| Hc |?py. (16) 


The matrix element is that due to the first term in (15) 
and the square of its magnitude is 


(84.NVe8)*hu(nx+1)/6peK. 


Here, nx is the average number of phonons in the 
state K. The density of final states, py, is 


pr=(mK/4r7 hk) dK. 
Energy is conserved in the transitions so that we have 
hk”? /2m+ BH = h?k?/2m+ huK — BR. (17) 


There are similar transitions due to the absorption 
of phonons while the spin flips from up to down. The 
only difference is that n«+1 must be replaced by nx, 
and the phonon term in (17) is of opposite sign. The 
transition probabilities for the analogous cases when 
spins are flipped up instead of down are the same. 

We may now proceed to calculate the total number 
of spins flipped down per second. ‘To do this we multiply 
the number of electrons in the wave-number interval 
(k, k+dk) by the transition probability, Wiie’"dK or 
Waur’dK, and then also by the appropriate Fermi 
function to describe the probability that the final 
electron states k’ are unoccupied. We then integrate dk 
from 0 to © and dA from Kyyin to Ayax. In order to 
account for the statistical factors we make the following 
definition : 

g(k; x) =Lexp(h?k?/2mxd—x) +1]. (18) 

The number of electrons in {+} with & in the 
interval (k, k+dk) is 

(k°dk/2m*)g(k; €4/KO—BIC/ KO). 
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The probability that the final electron state is unoccu- 
pied in processes of phonon emission is 


1—g(k’; e_/x0+B5C/ x0). 
On using (17) to eliminate &’, this expression becomes 
1—g(k; €_/xO0—BH/ 0+ huK /x0). 


Using the above results and the analogous ones for the 
case of phonon absorption, the number of spin flips 
from {+} to {—} per second is 


8mu /NeB\? €4—BH 
ro CEN SO) 
3mp \ he KO 
e_— BR +huK 
| 1-0( 4: en Jone +0 
KO 
€,—BR 
te(& ) 
«é 
¢«_—BIR—huK 
x{1-( 4, - ) po anna 
«0 


The corresponding expression for W_,, is obtained by 
interchanging e, and e_ and by replacing 83C by — Bae. 

Before using (7) to obtain dD/dt, it is expedient to 
expand the functions g(k;x) in a Taylor series about 
the point x o=€9/xd. We will keep terms to the first 
order in the small quantities, (€,—€o)/x0, (e._—€o)/x9, 
and 835C/x@. In order to make the writing simpler, we 
will use the following notation: 


g=g(k; Xo), 
g’ =[dg(k; x)/Ox enn 
gic =elk; xothuK/ x0), 
Sik = [dg(k; x), ‘Ax |x = x9 thuK /xd- 
The last two notations are necessary because huK /x0 
is not necessarily small. The integrand that occurs in 
the expression for dD/dt after expansion and sub- 
traction is 
[(e,—e_)/x0 |{e’(1—gx)+egn’ \(nx+1) 
+[¢’(1—g_x)+g¢_K’ |nx}kdk 
+- (2850/0) {Legn’—g’(1—gx) Kn«+1) 
+[gg_x’—g'(1—g_x) nx} kdk. 


It can be shown from the symmetry properties of 
g(k; x) that 


D Dn 


ff esex'tae= f g'(1—gsx)kdk, 
0 0 


(19) 


The 


second term above therefore gives zero upon 
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integration, and we obtain 


oD - 32mu s NeB €+— €- 
= (al ay | 


a 3mp \ he 
+gg_x'nx |kdkdK. 


The remaining integrations can be performed as indi- 
cated, but it is simpler and sufficient for our purposes 
to make use of the high temperature approximation, 
where we can neglect the difference between nx+1 
and nx, and can set 

nx=K0/huK. (20) 


On integration and using (8) we obtain 


Ruax 
log ; (21) 


min 


éD _ 16m, V *e*xO(Do— D) 





3phkomct 


This equation is the desired result. We have only to 
discuss the determination of Kyjn and Kmax. At low 
phonon frequencies the induced electric fields resulting 
from the varying magnetic fields cause conduction 
currents which cancel out the magnetic fields. For 
such frequencies, then, there is a correlation between 
the electron motion and the lattice vibrations. It can 
be shown that this shielding effect decreases the magni- 
tude of {5’|* by the factor K?/(K?+Kiin?). The 
quantity Ay,.in depends upon the electrical conductivity 
oo and is given by Kimin=4moqu/c?. Its value for 
metallic lithium is 600 cm~'. 

If high frequency alternating fields are used to meas- 
ure the relaxation time, the metal must be in the form 
of a fine powder of size small or comparable to the skin 
depth in order to prevent eddy current losses and 
excessive breadth of the absorption resonance due to 
the diffusion of the electrons in and out of the skin. 
The skin depth for Li is about 5X10~* cm for a fre- 
quency of 107 cps, and 1/30 of this value for a frequency 
of 10'° cps. Particle sizes of about 10~* cm and 10-4 cm, 
respectively, should be used. The minimum wavelength 
possible for phonons will be about twice the linear 
dimension of the particle. Assuming a spherical particle 
of diameter d, and letting 4Aimax equal the cube root of 
the particle volume, we obtain 


(dn, '3)4K min = 2n/d. 


Kymin would be about 4-10* and 4-10‘, respectively. 
The restriction imposed by this last consideration 
would seem to be the more stringent in an ordinary 
practical case. 

The expression for the maximum phonon wave 
number, as given by the Debye theory, is 


(42/3)4K max = 2x/a (22) 


Here, a is the cube root of the atomic volume. The 
ratio K max/K min is therefore d/a. 
The relaxation time due to the interaction with 
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transverse phonons is therefore 


3pmhkoct 
ue 162N7e'x8 log(d/ a) 


For the case of Li at room temperature, this expression 
has the value 6X10~ sec. 


III. INTERACTION WITH LONGITUDINAL PHONONS 


In this section we shall compute the spin lattice 
relaxation caused by the interaction between electron 
spins and the electric fields of the lattice vibrations. 
The interaction energy of an electron spin with an 
electric field is given by’ 


H=(8/2mc)a-(EXp). 


This term arises from the translational motion of the 
electron through the field, and is the origin of the spin 
orbit coupling in atoms, where E is taken to be the 
radial ion core field. 

In metals and in the free electron approximation 
which we have been using, the fields that interest us 
are caused by the motion of the positive ions considered 
as a uniform distribution of positive charge. Electric 
fields will be associated with both longitudinal and 
transverse vibrations, but those due to the latter can 
be shown to be negligible. For longitudinal modes, 
however, the nonzero divergence of the lattice displace- 
ments will result in an accumulation of positive charge 
of amount 


(23) 





(24) 


6p4= —Ne divs. 


This charge density will in turn be the source of electric 
fields that will induce spin transitions by means of (24). 
The above accumulation of charge is cancelled out in 
part by, a corresponding aggregation of conduction 
electrons. We shall calculate this effect by means of the 
Fermi-Thomas statistical approximation. 

Let V(r) be the self-consistent potential arising from 
the accumulation of positive and negative charge. The 
maximum electron wave number, &,,, at each point in 
the lattice is given by 


Why 2/2m=egteV. 
The electron density as a function of position is then 
n=[2m(eot+eV) ]?/397h'. 
Since |eV|<eo, this expression can be expanded in a 
| | 
power series and we can write 
n= (2meo)'(1+3eV 


Hence the accumulation of electric charge due to the 
electrons is 


2€ 9) /32h'. 


b6p_= —me*kyV / 27h’. 


Consider, now, a Fourier component of the lattice 
displacement vector 
=n ),iK- 
Sk=SxK°e'*", 


~ # Reference 1, pp. 509 ff. 
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and of the resulting self-consistent potential 
Va=Vx'e™", 
The Maxwell equation which obtains is 
div E=42(5p,+ dp_). 


On inserting the expressions derived above, we obtain 


—4rNeiKsx 
Ve= ; (25) 
K?+4me?ko/ rh? 





The effect of electronic cancellation is given by the 
second term in the denominator. This interaction 
potential can be used, for example, to compute the 
electrical resistance of a metal and does in fact give 
results that agree with the more detailed theories. It 
seems reasonable to assume, therefore, that this simpli- 
fied model will give a fair result for the relaxation 
problem at hand. It is easy to show that one does not 
make a significant error in neglecting spin orbit effects 
due to the ion core modulations of the crystalline field. 
It is sufficient to compare (Ae! sx| /a)? with (26) and to 
observe that they have the same magnitude. Here, Ae 
can be taken to be the spin orbit splitting of the lowest 
p state in the atomic spectrum and a to be the lattice 
spacing. 

If we expand (25) in a power series in K? and keep 
only the first term, we obtain for a Fourier component 
of the electric field. 


Ex= —K°rh?Nsx/meko. 


The mean square matrix element for spin flip transitions 
due to (24) will then be 


| H|\?=3(BK?r?h®N /2m?ce)?| sx!?. (26) 


By |sx| we mean: 


Phonon absorption—| sx| = (An«/2pw)*dy-—x—K. 
| sx} = (h(ng+1)/2pw)*5,: -k+K- 


We have made use of the fact that Ex and pare always 
about perpendicular due to conservation of energy and 
wave number. The factor 3 comes from the average 
over-all directions and is half the factor obtained in 
Sec. II where two polarization directions were included. 
To perform the rest of the calculation it is sufficient to 
compare (26) with the square of the coefficients in (15) 
since all other details are identical. The ratio of the 
two expressions is found to be 


wh? K4/128m seu’. 


Phonon emission— 


Furthermore, the final integration in K will be slightly 
different, so that the ratio of the relaxation rates is 


WH RK max'/512m4e'n? log(d/a). 


Therefore, on dividing (23) by this factor we obtain 
the spin lattice relaxation time due to interaction with 
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electric fields. 


T = 96 pkom'ctu?/mNPRPEK max'kd. (27) 


The sound velocity u can be estimated from the relation 
huK ynax = Op. 


For the case of Li at room temperature, assuming 
6p=420°K, we obtain a value of 3X10~* sec for the 
relaxation time. 


IV. INTERACTION WITH NUCLEAR SPINS 


In this section we will compute the paramagnetic 
relaxation due to the interaction of electron spins with 
the nuclear spins of the metal. We shall first consider 
the special case of a nucleus with spin } and magnetic 
moment §,, and shall generalize the calculation later 
for arbitrary nuclear spin. The most important inter- 
action between the nuclear and electronic spins is that 
of the hyperfine coupling of an S state.’ Because this 
interaction occurs entirely at the point of the nucleus 
it will not be permissible to use the plane wave approxi- 
mation for the electrons without making an error of 
108 to 10‘. The perturbation can be written 


H = (82/3)88,0,-05(r). (28) 


Here o@, is a Pauli spin operator for the nucleus and 
6(r) is a delta-function with r the relative coordinate of 
the electron and the nucleus under consideration. If 
we expand @,-¢ in terms of the raising and lowering 
operators, ¢, = }(o,+tio,), we obtain 


g,°c= 20n4 CaF 20,0 oy TnzTz- 


The first term flips an electron spin from {+} to {—} 
and the nuclear spin from down to up. The transition 
probability per second for such a flip is 


Wins = (24/h) (164 88,/3)*| ¥(0) | ‘py. 


Because of the point nature of the interaction there is 
no interference condition and |y¥(0)| is the magnitude 
of the wave function at the nucleus for an electron in 
the Fermi surface. The density of final states is 


py=mk! /2ah?, 


The number of transitions of a given type will 
depend upon the distribution in spin states of the 
nuclei. Let M, and M_ be the number of nuclei with 
spin up and spin down, respectively. We have M,+ M_ 
= N, and we define 


A=M,—M_, Ap=BaNW/«O. 
It follows that M,=3(N+4A). The total number of 
electron flips per second from {+} to {—} is accord- 
ingly 
W,, - = f Wae(Qah/ 20) Mak; €,/KO— BIC/ KO) 
[1—g(k’; €_/x0+BIC/x8) ]. 
3 J. Korringa, Physica 16, 601 (1950). 


(29) 
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The functions g(k;x) are those defined in (18) and 
account for the Fermi statistics. The energy conser- 
vation equation for the above transitions is 


h?k’?/2m— BR—B,5 = h?k?/2m4+ B+ 6,3. 


Equation (29) can then be written 


64mB"B,? €4.— BHR 
W.,,= Ho) a) f e( — -) 
Orh' «0 


e_— BIC— 28,5 
x1 =1( 4: ——————— ~) ee 
«0 


Transitions of the opposite type give a similar formula. 

As in Sec. I we make a power series expansion of 
the functions in the integrands and compute dD/dt by 
keeping only first-order terms in the small quantities 
that occur (including A/N and Ao/N). After performing 
the various operations we have 


dD/dt=256rmkN B°B,2| ¥(O) | (Do— D)/9h? 


+ 256m?k,28?8,,.2«8| ~(0)!4(Ap—A)/9rh5. (30) 


We have thus derived in a dynamical way the 
conditions of complete statistical equilibrium for two 
interacting spin systems in a magnetic field; that is, 
dD/dt=0 when D=Dy) and A=Apo. The calculation 
can be generalized to the case of arbitrary nuclear spin 
T by making the substitutions: 

N/2-N/(2I+1), 8.—8,/21. 


We must also replace the square of the matrix element 
of o,4 and o,~, which is 1 for /=3, by the quantity 


T 
G= ¥ (I4+m4+1)(I—m) = 31141) (2141). 
m=—I] 


Furthermore, the quantities A and Ao must be redefined 
to mean the difference of the number of nuclei in 
adjacent magnetic states, so that we now have 


Ao=B»N3C/1(21+-1) x0. 
Equation (30) becomes accordingly 


dD/dt=(Do— D)/T+G(Ao— A)/T,. (31) 


It should be noted that (6) does not hold in general for 
the interaction with nuclear spins because the electronic 
relaxation depends upon the nuclear spin distribution 
as is shown by the second term in (31). 7, is the nuclear 
relaxation time and is 


Qrh']? 
a eC (32) 
64m?k3?8°B 2x0 | ¥(0) |4 


This is the same relaxation time as derived by Kor- 
ringa® and is equivalent to Eq. (9) of his paper, though 
in a different form. The constant G appears in (31) 
because a given change in A requires G times as many 
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transitions as an equal change in D. T is the electronic 
relaxation time and is 


27h] 


T=-——_—— aa —, (33) 
256rmkoN BB,2(1+-1)| ¥(0) |* 

It is interesting to note that this relaxation time is 
independent of temperature. It turns out that all other 
relaxation times increase with decreasing temperature, 
so that at very low temperatures this process will be 
the controlling one. 

We will estimate this relaxation time for the isotope 
of lithium of mass seven, which has J= 3. | ¥(0)|* can 
be determined as follows. We have defined it to be the 
square modulus of the metallic wave function, normal- 
ized in 1 cc, at the nucleus. Kohn and Bloembergen! 
have computed the electron density at the nucleus for 
the conduction electrons in the metal and have com- 
pared it to the corresponding density of the valence 
electron for a lithium atom. They find the ratio to be 
1.0. From the measured hyperfine structure splitting® 
of Li and from the theoretical splitting of an S state,® 
we find |¥(0)|?=34, which means that the density of 
conduction electrons at the nucleus is greater by 34 
than if the charge cloud were perfectly uniform. The 
relaxation time obtained from (33) is then 2-10~4 sec. 

From (32) and (33) one can derive the ratio of the 
nuclear and electronic relaxation times due to their 
mutual interaction. 


T ,/T =81 (+1) €/9x0. (34) 


Since 7, can be measured directly in a nuclear resonance 
experiment, 7 could be determined from (34) without 
knowledge of the electronic wave functions 


V. INTERACTION WITH ELECTRON SPINS 


In this section we shall begin a study of the para- 
magnetic relaxation resulting from electron-electron 
interactions. From the classical point of view there are 
two terms in the interaction Hamiltonian which exert 
forces on the spins. The first is the spin-spin interaction 
which has the form? 


H= (B?/ri2*)[ (oy -Go)r12— 3(e,: r12)(@2°Ti2) |. (35) 


The second is the spin-current interaction which is the 
coupling between the magnetic moment of one electron 
and the magnetic field produced by the translational 
motion of another. This term has the form? 


H = (Be/merys*)[ (ti2X pe) eit (rer X pi)-a2 |. (36) 


The exchange interaction does not have to be considered 
because it does not cause relaxation. 


4W. Kohn and N. Bloembergen, Phys. Rev. 82, 263 (1951). 

5 J. B. M. Kellogg and S. Millman, Revs. Modern Phys. 18, 
323 (1946). 

®H. Bethe, Handbuch der Physik (Julius Springer, Berlin, 
1933), second edition, Vol. XXIV, 1, p. 387, 

7 Reference 6, p. 377. 
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The spin-spin interaction can induce transitions in 
which there is a net flip of two spins up or down as 
well as those with a net flip of one spin up or down. 
On the other hand, the spin-current interaction can 
only cause single flip transitions. For the latter type 
processes both interactions must be treated simultane- 
ously because interference effects are possible. The 
correct breakdown of the calculation is therefore into 
single flip relaxation and double flip relaxation. The 
relaxation time of the latter process is derived in this 
section, the former in the next. 

We shall not use the above expressions for the 
electron-electron interaction because it is more con- 
venient to use the relativistic wave equation of Dirac 
and to treat the interaction by the method of Moller. 
The calculations are thereby made more compact and 
the matrix elements are already provided. The Dirac 
equation for a free electron is 

Ey =(«- p+ uB)y. 
Here, n=mc? and p=c times the ordinary momentum 
vector. The plane wave solutions of positive energy are 
y=u,* exp(ip:r/hc), p=u,~ exp(ip-r/hc). 


The coefficients of the exponential factors are spinors 
and are given to the first order in p/u by 


Upyt = (2u, 0, p:, P+ )/2u, 
up = (0, 2u, p_, — p.)/2u. 
We make use of the convention that for any vector F 


(38) 


(37) 


F,=F,+1F,,. 


The Hamiltonian operator representing the interaction 
between electron pairs will be of the form 


—— + * 
H= 20H y'q'pan’ Cq’ Cq€p- 


Here, the cp, c)*, etc. are either the b’s or d’s as defined 
in II, or the corresponding operators for negative energy 
states. Because we are concerned with first-order 
transitions of low energy, we will not have to take the 
negative energy states into account. The coefficients of 
the above terms are the matrix elements of the Mller 
interaction’: 


H yq'qp=Ah?cre"[ (up *uty) (qr*ttq) 
— (Up *atty) - (tq* ang) |/(R?—e). 


(39) 


(40) 


Here R= p— p’ and « is the energy of the state p minus 
the energy of the state p’. In this calculation é can 
always be neglected in comparison to R*. The two 
term types in /7 which concern us here are: dy-*dq'*b,b, 
which flip two spins down, and 6,-*bq:*dqd,, which flip 
two spins up. 

We will first treat the terms which flip two spins 
down. We must consider together all terms in (39) 
which connect the same initial and final states of the 


®W. Heitler, The Quantum Theory of Radiation (Oxford Uni- 
versity Press, London, 1947), second edition, p. 101, 
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Fic. 1. Orientation of 
the electron momentum 
vectors with respect to 
the x, n, ¢ axes. 
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electron field, since they will interfere. Thus, for the 
transition dy-*dq'*b,b, we must take, instead of 377 p’q’pq, 
the expression 


(HH yq'pqt Ha p'ap— Ha’ 9'pa— I 9'q’ 4p): 


However, H9:q’pq= Hq’p'qp, ANd LH q’p’pq= 1 p'q’qp- When 
we use the above expression with four terms, we must 
sum over only one-quarter of the terms in (39), so 
that if we sum over all of them anyway, we need only 
multiply the coefficients by an extra factor of 4. The 
matrix element can thus be taken: 


H! = 3(Hyq'pq— Hq'9'94)- (41) 


Using (37), (38), and (40) and letting S=p—q’, we 
obtain after some calculation the square modulus of 
(41): 


n’|? (— $ ( RR? $25 5 
/ an ee ahh k +4. aie 
Qu? ) R‘ S4 


RS ?+R 2S? 
-——— ) (42) 
RS 


We will now consider in a group all possible transi- 
tions which can be specified by the magnitudes Pp, gq, 
and M, corresponding to the initial state, and the 
magnitude p’. We treat all such cases together because 
they will all have the same Fermi factors. The total 
momentum M= p+ q is a constant during the collision. 
We can then average (42) over all possible orientations 
of the (x, n, ¢) axes with respect to the original (X, Y, Z) 
axes; and then we must average this expression over 
the angle ¢ between the planes of the initial and final 
states (see Fig. 1). A lengthy computation gives for the 
average value of (42), 


(| H’ |?) w= (2eh2ce2)?/10p". 


The number of spin flips from {+} to {—} due to 
such double flip processes is given by 


(43) 


W,,-=2 f (2e/h)|H’|)mpyNGG,. (44) 


Here, NV; is the number of initial states, py is the density 
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Fic. 2. Schematic sec- 
tion of electron momen- 
tum space, defining the 
quantities p, A, and @. 











of final states for each initial state, G; and Gy are the 
appropriate Fermi factors for the initial and final 
states. The extra factor of 2 is due to the fact that each 
transition flips two spins, and the integration is over 
all differentials that are necessary to specify py and Nj. 
Only electrons near the surface of the Fermi distribu- 
tion, of momentum about fo, will take part in such 
transitions. The phase space diagram will appear as in 
Fig. 2, which will serve as a definition of the quantities 
6, p, \ for the initial state and the corresponding ones, 
p’, d’, for the final. The energies of the various states 
have the form 
Ey= 0+ (po/u)(p sind+ A cos8)+ BH. 


The energy conservation equation, E,+ E,=E,+E£y, 
gives 
(45) 


p’ = pt 2uB3C/ po sind. 
The number of initial states is 
Ni=(4eM*%dM/Ch®) (2 po sindddAdp/ch'). 
The number of final states for a given initial state is 
Z = 2xpo sinddr’'dp'/Ah'. 
The spread in final energy is given by 
AE, = (2po/p) sinOdp’. 
We therefore obtain the density of final states: 
py=(mp/h')dn. 
In order to specify the appropriate Fermi factors, 
we make the following definitions: 
g(p, \; x) = (exp (po/ux8)(p sind+A cos@)—x ]+-1}-', 
g(p, \)=g(p, 4; 9), (46) 
g'(p, \)=[g(p, dj x)/Ax Jomo. 
We have then 
Gi= 2(p, 0; (€4—60)/xO— BIC/ x8) 
Xe(p, —A; (€4—€0)/KO— BHO). 
Using (45) we obtain similarly 
G,=[1—g(p, ’; (€-—€0)/xO— BIC/K8) | 
X[1—g(p, —d’; (e-—€0)/xO— BIC/ KA) I. 
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Each factor in (44) has now been evaluated. In order 
to determine the relaxation we must also consider the 
reverse processes which flip two spins from {—} to 
{+}. We will obtain an equation like (44) with G,; and 
G, replaced by G,; and G,, which differ from the former 
only in that e, and e_ are interchanged and 83C is 
replaced by — 83. Using (7) we obtain 


aD /dt=(8x/h\\H' nf wpNAGGs-GG)) (47) 


We next expand GG, and G;G, in terms of the small 
quantities (€,—€)/xO, (e_—e€o)/x@, and B3C/xd. For 
example, 


G,= [g(p, \)+2'(p, A) (€4—€9— BH) / x J 
XLe(p, —A)+8'(p, —d)(€4 — €o— BH) / KO]. 


Only first-order terms are retained, and on using the 
relation 

1—g(p, \)=g(——, —)), 
we obtain 


GG,— G.G, 
=[(e,—e_)/xO J[g’(p, A)g(p, —A)g(—p, —d’)¢(—_p, d’) 
+g(p, d)e’(p, —A)g(—p, —’)g(—p, d’) 
+ g(p, d)g(p, )g’(p, A’)g(—p, A’) 
+e(p, A)g(p, —A)g(—p, —A’)g’(p, —’) ] 
— (2B5/«O)[9’(p, A)g(p, —A)g(—p, —A’)g(—p, d’) 
+e(p, A)g’(p, —A)g(—p, —d’)g(—p, d’) 
—g(p, d)g(p, —A)e’(p, d’)e(—p, d’) 
—g(p, \)o(p, —A)g(—p, —d’)g’(p, —’)]. 


Now, each of the above terms in square brackets is 
integrated over dp, dX, and d)’, and it can be seen that 
after integration the four terms in the coefficient of 
(e,—e_)/xO all give the same result. Thus the first 
term equals the second on the change of variable A>—- A 
in the second term; the third equals the fourth on the 
substitution \’—»—)’ in the fourth; and, finally, the 
first term equals the third on the substitutions in the 
third, p—p, \’>—A, and \->—N’, while observing 
that g’(p, \)=g’(—p, —A). The coefficient of 2850/0 
then integrates to zero and we can replace the coefficient 
of (€,—e€_)/KO by 4g’(p, \)g(—p, A)g(p, A’)e(o, —A’). 
Combining the above results and remembering that 
M = 2p, cos6, (47) becomes 


dD 128 B*po'(e,—€_) ‘ 
<a fae, N8(—0, NgC04) 

dt 52509 KO 

X2(p, —d’) cos’6 sin*6d6dpdddn’. 


The limits of integration are 0 to +/2 for 6 and —« 
to © for the remaining variables. The integrals can be 
evaluated, and on using (8) we obtain the relaxation 
equation 


dD/dt=8ne'x°6"(Dy—D)/1Smhict. (48) 
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The relaxation time to be associated with the double 
flip action of spin-spin forces is therefore 


T= 15 mhic'/8re'rO. 


(49) 


It is interesting to note that (49) depends only upon 
the fundamental constants and the absolute tempera- 
ture. The quadratic dependence of the relaxation rate 
with temperature results from the Fermi statistics. An 
electron in the Fermi surface can only collide with 
another electron in the Fermi surface, that is with a 
fraction of the electrons of about «@/¢9. Similarly, of 
the possible final momentum states, only a fraction of 
about «@/¢€) are permitted by the exclusion principle. 
Hence, two powers of «@/€) would enter an order of 
magnitude calculation. For room temperature (49) has 
the value 6X10 sec. 


VI. INTERACTION WITH ELECTRON CURRENTS 


In this section we shall calculate the relaxation rate 
due to electron-electron collisions in which there is a 
net flip of one spin up or down. Such transitions can be 
due to spin-spin forces or spin-current forces, but it 
will be seen that the latter interaction is several orders 
of magnitude larger than the former in so far as these 
processes are concerned. 

There are four term types in (39) which produce a 
net flip of one spin from {+} to {—}. These four types 
must be grouped in pairs since they can connect the 
same initial and final states. The first pair gives the 
following terms: 


BY (H%y'q’pqbp:*dq'*Dgbp + H%y'q’pqdp'*h:*bgby). (50) 


It is necessary to make the distinction between H%pq’pq 


and H*>-q*pq because the spin up spinor goes with the 


p’ in the first and with the q’ in the second. For a 


specific transition two terms of each type appear in 
(50), and, as before, oné can show that the matrix 
element can be taken to be 


H'= (H*5'q'pq— H%5'q'qp)/V2. 
Using (37), (38), and (40) one finds 


H! = (rh?cPe/V2 u){(3i(RXM),+4i(RXS), 
—R.R,\/R°+[3i(SXM),+43i(RXS),+5,5,)/S*)]}. 


We must average the square modulus of this expression 
over all orientations of the (x, n, ¢) axes in Fig. 1. We 
obtain 


(| H’|*) m/8278*=[3(RX M)*/2+(RXS)?/6 
+2R*/15+ (RX M)-(RXS) 1/R!+-[3(S M)?/2 
+(RXS)?/6+ 254/15+ (Sx M)-(RxS) ]/S* 
+[(RXM)-(RXS)+3(RXM)-(SXM) 
+ (SX M)-(RXS)+7R?2S?/15—(R-S)*]/R2S%. (51) 
Equation (51) must in turn be averaged over the 


angle y. Near g=0, R becomes very small; and near 
y=, S becomes very small. The presence of these 
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near singularities is due to the action of spin current 
forces which have an interaction energy that varies in 
distance as 1/r’, so that the total scattering cross 
section would be infinite.* The presence of the magnetic 
field, however, removes the singularity because energy 
conservation for a collision in which one spin is flipped 
demands that R and S can never be smaller than 


5= uBH/ po sind. 

This quantity is small, however, so that integration 
over ¢ makes several of the terms in (51) give a large 
contribution, of order of magnitude »/6, which is 
from 10‘ to 10° larger than the remaining terms, as can 
be seen only by a close examination. Equation (51) 
can therefore be replaced by 
(| H’|?) w= 82?B4(3(RX M)*/2R4+3(SX M)?/2S* 

+(RXS)*/6R'+ (RXS)?/6S*]. (52) 
Actually, (RX M)-(RXS)/R* and (SXM)-(RxXS)/S* 
give terms of the same order of magnitude, but it can 
be shown that they do not contribute to dD/dt, so that 


we will not carry them along. Further computation 
gives for the average of (52) over ¢ 


(| HT’ |?) = 4B pok’ (A, XN’, 0)/3 sin’@ cos’. — (53) 


Here 
F(A, ’, 8) = (9 cos*@ sin6+ 2 cos?@ sin*@) 
XL((A— A’)? 8) HF (AFA) + 8) 
+ &(9 cos‘é sind—cos?@ sin*@) 
XL((A—Y’)?+ 8) H- ((A+-N’)?+ &) “FY. 
We can now compute the number of spin flips per 
second from {+} to {—} due to the spin-current 
interaction, and it is given by (44). The extra factor of 
2 is now due to the extra two term types in the Hamil- 
tonian operator, which in fact give the same transition 
rate as the two in (50). The factors ps, Ni, and G, are 
the same as before, whereas (| H1’|?),, is given by (53) 
and G; is also new: 
G;=(1—g(p’, XN’; (€, —€o— BH) /x9) ] 
X[1—g(p’, —’; (e-— eo + BH) / xO) J. 
The energy balance equation gives for this case 
p’ = pt uB5C/ po sind; 
so that, finally, 
G,;=[1—g(p, 0’; (€,—€o— 285) /0) ] 
X[1—g(p, —’; (e_—€0)/x0) ]. 


Similar alterations must be made to G, for the inverse 
processes. The relaxation rate from (7) is 


dD/dt= (8x/h) f (|H’ |\«pyN(GG,—G.G,). (54) 


9N. F. Mott and H. S. W. Massey, The Theory of Atomic 
Collisions (Clarendon Press, Oxford, 1949), second edition, p. 40. 
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We have had to keep (| H’|*) inside the integral sign 
because it depends upon 4, A’, and 6. However, (| H’|?) 
is invariant under the substitutions \— \’, A->—A), 
etc., so that we can_use the same methods as in V to 
simplify G,G;—G,;G,. Computation shows that this 
factor in the integrand can be replaced by 

2(e, =o )g’(p, A)g(— Pp; d)g(p, d’)g(p, —’)/K0. 
From (8), (54), and the expressions for the various 
factors we find 
dD 168 po'(Do —- D) 
dt 3c*h7 xd 


Xe(—p, A)g(p, \’)g(p, —d)dOdpddrdn’. 


f F(A, W, )g"(p, d) 


(55) 


The integrals can be evaluated and yield (see ap- 
pendix) 
dD 2et*ko?0(Do— D) log (Oe! 5/8350) 


(56) 
dt Omcth 


Here ¢= 2.718. The relaxation time due to the spin- 
current interaction is therefore 


mth 


- ea os . (57) 
20etke?kO log (be! 5/ BIC) 


It is interesting to note that this relaxation time is 
dependent slightly upon the field strength 3C. For a 
magnetic field of 5 oersteds and a temperature of 
293°K, (57) gives 8X10~7 second. 


VII. INTERACTION WITH IMPURITIES 


In this section we shall estimate the relaxation caused 
by the presence of impurity atoms in the metal. If the 
impurity is paramagnetic, the electron spins in the 
conduction band can interact by means of a spin-spin 
interaction, as in (35), where the second electron is in 
a bound state of the impurity atom. The interaction 
energy will be of the order of magnitude of 6?/a* within 
the region of the atom, where a is of the order of the 
atomic dimension. One can then show that, except for 
a numerical factor, the relaxation time due to such 
processes is given by 

T~h®/mkoNB*f. (58) 
Here f is the fraction of paramagnetic impurity atoms 
in the metal. If / is 10~*, (58) gives a value of 10~? sec. 

Relaxation can also be caused by the atomic electric 
fields of all impurity atoms by means of a spin orbit 
interaction, (24). The magnitude of this interaction 
energy will be 28°/a*, where z is the effective charge of 
the impurity atom as seen by a conduction electron. 
The relaxation time for such processes will therefore 
have the order of magnitude 


T~h®/mkN 284 f. (59) 
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For an impurity content of 10~* and an effective charge 
z of say 3, an appropriate value which is sufficient to 
explain the contribution of impurities to the electrical 
resistance of metals, (60) gives a value of 10-* sec. 
One can conclude that such impurity processes do not 
play an important role in electron paramagnetic 
relaxation. 


VIII. CORRECTIONS TO THE RELAXATION TIMES 


The preceding calculations were based upon the free 
electron model and the effects of binding to the crystal- 
line lattice and the Coulomb interaction between the 
electrons were neglected. We will now take account of 
these effects in so far as they influence the spin suscepti- 
bility of the conduction electrons and the density of 
single particle states at the top of the Fermi distribu- 
tion. We continue to assume that the single particle 
model is a valid approximation. 

Let xo and po be the spin susceptibility and density 
of states for the free electron model without interactions, 
and let x and p be the corresponding quantities when 
lattice, and exchange and correlation interactions are 
accounted for. One can then show that the relaxation 
times must be multiplied by the factor 


(x/x0)(po/p)? °F 4. (60) 


The 4 in the exponent applies to the calculations in V 
and VI, whereas the 2 applies to the others. The factor 
x/xo occurs because a larger susceptibility, and hence 
larger equilibrium value of Do, means that the same 
number of electronic transitions will produce a frac- 
tional relaxation smaller by that same amount. A 
factor po/p occurs for each integration over the surface 
of the Fermi distribution, including the one in the 
derivation of the formula for transition probability. 

Since a complete treatment of exchange and correla- 
tion effects has not been made to date, even in the 
single particle model, the numerical values of the 
factors in (60) are unknown. However, experimental 
data on susceptibilities and electronic specific heats 
seem to indicate that these factors are not very different 
from unity. 


IX. CONCLUSION 


The most important relaxation process of those 
considered is that due to the spin-current interaction 
in VI. The relaxation time of about 1 microsecond 
obtained for this process is at least two powers of ten 
shorter than the remaining ones, so that these latter 
processes may be neglected in comparison to the former. 
On the other hand, this figure is two or three powers 
of ten longer than the relaxation times characteristic of 
paramagnetic salts at room temperature.'® One would 
therefore expect that a paramagnetic resonance in 
metals could be easily observed, and that a very narrow 


10C. J. Gorter, Paramagnetic Relaxation (Elsevier Publishing 
Company, Inc., New York, 1947). 
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line of about 100 ke or 0.1 oersted in width would be 
seen. However, a number of investigators have looked 
for such a resonance, by both microwave and radio- 
frequency techniques,'! and have failed to observe any 
resonance. It is at present difficult to explain these 
negative results. Yafet has shown that the energy of 
such a resonance would not be appreciably effected by 
interactions with the crystalline field.” 

A possible explanation is that an interaction resulting 
in a relaxation time of 10~'° sec or less has been over- 
looked. One might suspect that second-order processes 
play a more important role than the first-order processes 
considered, as is actually the case in paramagnetic salts. 
However, this possibility can be ruled out by a simple 
argument. If one considers the various second-order 
calculations (double phonon emission and absorption, 
phonon Compton effects, simultaneous collision of two 
electrons and emission of a phonon, etc.), one observes 
that the relation of the second-order calculation to the 
first is similar in structure and magnitude to the 
corresponding relation in the theory of electrical 
resistance. Since second-order processes do not play an 
important role in electrical resistance, otherwise the 
linear dependence of resistance on temperature would 
not result, therefore second order processes do not play 
an important role in paramagnetic relaxation. The 
second-order processes which involve only the electron- 
electron interaction are not included in this argument, 
but it is unlikely that they are important. 

Note added in proof: The metallic spin resonance has 
been observed" in Li, Na, and K at microwave fre- 


uO? 
( ) corte S++ (y+ a?) 9] - 
Po (et+utv'+-1)(e 


Because of the symmetry in y and y’, we can consider 
only one of the terms in square brackets and then 
multiply by 2. We make the further substitutions 


=% +f y’ : 


, 
sS=xX-Y 
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quencies. This recent success in finding the resonance 
resulted from the use of sufficiently small particle sizes, 
of the order of a micron or less, so that excessive width 
of such a resonance due to alternating current skin 
effects was reduced. Line widths of about 15, 80, and 
120 oersteds were observed, respectively, in Li, Na, and 
K. These widths are probably caused by the modulation 
of the microwave field as seen by the electrons when they 
diffuse toward or away from the surface. More narrow 
lines would result, then, if even smaller particles or 
lower frequencies are used. 

The author wishes to thank Professor Charles Kittel 
for proposing this problem and for helpful suggestions. 


APPENDIX 


We wish to compute the following integral occurring 


in (55): 


fro, ’, 0)2’(p, A)e(— p, A)e(p, A’)g(p, —d’)dOdpdddn’. 


Consider first the contribution of the first term of 


F(X, \’, 0). We make the substitutions 


y= (po cosO/2uxO)(A+2’), 
y’ = (po cos0/2uxd)(A— 2’), 


X= ppo sin8/ urd, 
a= BI cotO/ 2A. 


Hence, 
dpdddX' = (2ux0/ po sin®)(ux0/ po cos0)*dxdydy’. 
The first term is, therefore, 
(9 cos*8+-2 cos6 sin?0)dxdydy'dé 
run 4 1)(e-ttuty + 1) (ertunw + 1)(em vw 41) 
so that 
dxdy’ = }drds. 


We obtain 


(“") f (9 cos*#+-2 cos@ sin*@)drdsdydé 
po (y2-+ a2) (ert v1) (e-?-¥ + 1) (7+ 1) (ett YI) (et #41), 


The integration in s gives 


2y/(e?¥—1). 


The integral in r gives 


eH gt— 1 — 2y)/(e¥—1). 


Con (9 cos*6+-2 cos@ sin’@)xe*(e7 — 1— x)dxd0 
po 0 —2 


We obtain, therefore 


4 Unpublished research. 
2¥Y. Yafet, Phys. Rev. 85, 478 (1952). 


(x?+-4a*)4(e7— 1)! 


18 Griswold, Kip, and Kittel, Phys. Rev. 88, 951 (1952), and private communication. 
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The integration in x can be manipulated to give and analysis as before and obtain similarly 


[- Dutta uBse of, cos’6 cot? *8— cos*6)x? *exdxd0 
(x? ff 4a’)§(e*—1)? (< po “\f f° (x?- 4 Ae? Mer 21)? a . 


If one takes advantage of the smallness of a, this 
integral can be shown to have the value log(e/a), 
where €=2.718---. We have then 


If we integrate in x, observing as before the smallness 
of a for most all @, this expression is 


n/2 r/: 
(uxt/ po) f (9 cos*@ (ux, wor f (9 cos*@—cos@ sin*6)d0. 
0 0 


+2 cos@ sin*6) log(2ex6 tand/B83C)dé. 
ar ; : 2 We obtain on further integration in 6 
rhis integration can be carried out and gives finally 


(20/3) (ux0/ po)? log(xBe°-**/ 850). (17, 
We will now compute the contribution of the second On inserting the sum of the two terms we have evalu- 
term in F(X, \’, 6). We make the same substitution ated into (55), we obtain (56). 


3) (ux0/ po)? = (20/3) (ux8/ po)? loge?:*. 
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Induced Conductivity in Luminescent Powders. II. AC Impedance Measurements* 


Hartmut KALLMAN, BERNARD KRAMER, AND ARNOLD PERLMUTTER 
Physics Department, New York University, Washington Square, New York, New York 
(Received September 24, 1952) 


Alternating current measurements of the impedance changes induced by ultraviolet, infrared, x-ray, and 
gamma-ray irradiation in (Zn:Cd)S luminescent powders are reported. These results are in agreement with 
previously reported dc measurements, and indicate that the observed impedance changes are primarily 
due to the change of the electron density in the conductivity band. Whereas the capacity changes show a 
monotonic increase, the Q values {X/R) show a pronounced minimum with increasing intensity. A model 
consisting of radiation sensitive and nonsensitive powder portions is proposed, and theoretical calculations 
based on such a model are shown to be in agreement with most of the experimental results. This ac measure- 
ment technique can be used to measure small exciting intensities (down to almost 1/1000 erg/sec cm?). 


1, INTRODUCTION ohmic relationship, this supports the idea that the non- 
ohmic characteristics are inherent to the grain structure. 

With these results in mind it is assumed here, as a 
working hypothesis, that the powder has to be con- 
sidered as an inhomogeneous system. Some parts of the 
powder sample (grain boundaries and air spaces) 


N a previous investigation’ of the conductivity 

induced in luminescent type materials (in powder 
form) by ultraviolet radiation it was found that a 
non-ohmic relationship between the induced current 
and the applied field existed at all voltages except when 
the highest field strengths were used. Similar non-ohmic remain highly resistive even under strong excitation, 
relationships were found in later experiments in which While other parts, especially the interior of the grains, 
x-rays were used as the exciting radiation. With light | become highly conductive under excitation, much more 
excitation the powders are not uniformly excited and than observed from dc measurements of the total 
this nonuniform excitation is certainly responsible for resistance. To test this idea it was decided to duplicate 
at least part of the non-ohmic relationship observed. many of the conductivity measurements with powders 
The x-rays used for these experiments penetrated these under ultraviolet, infrared, and high energy particle 
thin layers relatively uniformly; nevertheless, similar radiation using an alternating current field of low field 
strong non-ohmic relationships were observed and this Strength instead of a de field and measuring the effective 
indicates that this non-ohmic characteristic is inherent — Tesistive and reactive components of the impedance, 
to the powder structure. Since conductivity experiments hoping, in this way, to detect the true conductivity of 
with single crystals?’ irradiated with x-rays showed an _ the single grains. 
- ; . ae Somewhat similar ac measurements have been re- 

* This work was supported by the Signal Corps Engineering keer ale ng as 
Laboratories, Fort Monmouth, New Jersey. ported by Garlick and Gibson,‘ who have thoroughly 


1H. Kallmann and B. Kramer, Phys. Rev. 87, 91 (1952). soparicncsaiat 

2H. Kallmann and R. Warminsky, Ann. Physik 4, 57 (1948) 3H. Kallmann, Signal tyes Engineering Report E-1036 (Fort 
and 4, 69 (1948); see also J. Fassbender, Ann. Physik 6, 33 (1950) een New Jersey) (unpublished). 
and R. Warminsky, Ph.D. thesis, Berlin Tech. Univ. (1948) 4G. F, J. Garlick and A. F. Gibson, Proc. Roy. Soc. (London) 
(unpublished). A188, iss (1947). 
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investigated the apparent change in dielectric constant 
and conductance of such luminescent powders in the 
frequency range of 0.1 to 10 megacycles. Their inter- 
pretation of such measurements is based upon a model 
in which the trapped electrons, assumed to be capable 
of remaining trapped while moving distances over 1000 
times the inter-atomic spacing, are responsible for the 
impedance changes observed. de Groot® reports some 
ac measurements on luminescent powders and attributes 
the impedance changes to the electrons in the con- 
ductivity band; his measurements, however, are not 
extensive enough to confirm his interpretation. 

The results of the ac measurements on luminescent 
powders reported in this paper are completely in agree- 
ment with the previously reported de conductivity 
measurements! if, as assumed above, the inhomogeneity, 
that is, the relative insensitivity of parts of the powder 
to external radiation, is taken into account. This can be 
strikingly seen from the results obtained by the addition 
of infrared light during or after ultraviolet excitation. 
Corresponding to the observed initial de current stimu- 
lation followed by current quenching, the ac measure- 
ments show an increase and then a decrease in the 
capacitance change values. 

In our inhomogeneous system the impedance changes 
observed are ascribed to the fact that certain portions 
of the powder remain relatively nonconducting while 
other portions, especially the interior of the grains may 
become highly conductive (many electrons in the con- 
duction band) under the influence of exciting radiation. 
Such a system could be treated theoretically by as- 
suming the sample to be composed of some dielectric 
medium in which are embedded particles whose con- 
ductivity depends on the exciting radiation. The im- 
portant feature of such a matrix is the increase of 
capacity to a saturation value with increasing excitation 
since the particles, when conductive, effectively decrease 
the spacing between the electrodes. The Q of such a 
system would be large (for a perfect dielectric) at low 
excitation, decreasing when the radiation sensitive 
particles become slightly conductive, and rising to a 
high value again when the particles become very con- 
ductive under strong excitation. Such an inhomogeneous 
system would exhibit an infinite de resistivity; this is 
not in contradiction with the dc measurements since a 
resistivity >10' ohm-cm was obtained if the field 
strength was of the same value as that used in the ac 
measurements (~ 100 volt/cm).® 

Since the computation of the impedance of such an 
inhomogeneous system would entail the use of various 
unknown parameters involving the shape and size of 
the particles as well as their spacing in the dielectric and 
would still be only an approximation, a very simplified 
model composed of layers of radiation sensitive portions 
alternating with high resistance radiation nonsensitive 

5 W. de Groot, Physica 12, 402 (1946). 

*The high de photoconductivity occurs only at high field 
strengths where the nonconductive layers are bridged. 
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layers will be used. The high resistive layers essentially 
represent the high resistance grain boundaries and the 
air spaces between the grains while the radiation sensi- 
tive ones represent the interior of the grains. Such a 
layer model shows all the characteristic features of the 
above-described inhomogeneous system, and can be 
easily shown (see appendix) to be equivalent to two 
condensers in series, one of which is shunted by a radi- 
ation sensitive resistance. As this resistance decreases 
with increasing excitation, the effect of the capacitance 
in parallel with it becomes increasingly negligible, and 
finally only the capacitance of the nonconductive layer 
remains, which means the effective capacitance of the 
entire sample has increased. Increasing the intensity of 
excitation further can cause no further changes in the 
capacitance, and a saturation value is obtained. The 
effective resistive component of the impedance, how- 
ever, shows no such monotonic change with intensity. 
As the radiation sensitive layer becomes slightly con- 
ducting, the shunt resistance decreases, and the effective 
series resistance of the sample increases. With much 
larger intensities this layer simply becomes a very low 
resistance in series with the nonconducting layer; the 
resistive component of the total impedance decreases. 
Thus, on the basis of this simple layer model, the re- 
sistive component may vary greatly and show a 
decided maximum. Since the capacitance changes 
measured are less than 100 percent, the ratio of the 
reactive to the resistive component of the impedance 
should show a definite minimum. The measurements 
described below show both the capacitance increase 
(also observed by Garlick and Gibson) and the predicted 
minimum of the “Q” value. 

It should be noted that the inhomogeneous system 
described above is subject to at least two modifications 
which can also be illustrated by the layer model. First, 
the so-called nonconductive portion may also be some- 
what responsive to the exciting radiation; this would 
lead to a nonsaturated change in capacitance as well 
as a Q value at higher radiation intensities that re- 
mained lower than the unexcited Q value. Secondly, the 
radiation may not be absorbed uniformly throughout 
the powder thickness. This is certainly true for ultra- 
violet radiation at around 3660A because of strong 
absorption in some of these samples as well as scattering 
in the powder. This effect tends to spread out the varia- 
tion of capacitance and Q with intensity without 
changing the basic characteristics of such dependence 
curves. 

On the basis of this simple layer model the following 
formulas (see appendix) for the capacitance change and 
Q values as functions of the exciting intensity are ob- 
tained for uniform excitation: 


AC =C—Cy=€Ad2/{ (d\+d2) 
XK [dit (ditds)w'e/yl?)}; 


O= (we/yl)(1+d1/d2)+ y1(d)/d2)/ew. 


(A5) 
(A7) 
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Fic. 1. Theoretical curves showing the capacitance change and Q 
value versus exciting intensity (d,=d:). 


Curves showing relations (A5) and (A7) are given in 
lig. 1 for d\=d». 

For nonuniform excitation the total impedance may 
be written as (see appendix) 


Z = (d2/doA awe) (tan { (we/y1) (e% —1)/ 
[1+-€%49(we/yI)*]}) 
—_ (do /A we) { 1 oc (d2/2ad,") 
X In{ (w+ 71?) /(we+ y7Pe24) J}. 


The AC and Q curves obtained from (A11) are shown 
in Figs. 2 and 3, again for d;=d). Since (A5), (A7), and 
(A11) give AC and Q as functions of J/w, the curves 
should be shifted to lower intensities with decreasing 
frequencies. 

This proposed representation does not delve into an 
atomistic explanation of the nonconductive behavior of 
the grain boundaries, but it is believed that both the 
grain boundaries and the air space may be considered 
as capacities with very high interior resistances only 
slightly influenced by radiation, while the grains them- 
selves provide the capacities with an excitation sensitive 
interior resistance. The nonconductive portion may also 
be partly due to electron depleted barrier layers near 
the electrodes, but the capacitance saturation obtained 


(A11) 


we 
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Fic. 2. Theoretical curves showing the capacitance change versus 
exciting intensity for various values of ado (d:=d)). 
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Fic. 3. Theoretical curves showing the Q values versus exciting 
intensity for various values of ady (d;=d2). 


at high exciting intensities indicates that such layers 
are not important in the powders investigated. 

In Sec. 2 the experimental results of such impedance 
measurements are described. These investigations deal 
with the impedance changes induced in the powders by 
ultraviolet, x-ray, and gamma-radiation, as well as the 
influence of infrared radiation. 


2. EXPERIMENTAL RESULTS 


Experiments were performed at 1 kc using a General 
Radio Bridge 650-A and at 4.6 kc, 80 kc, and 800 ke 
with a Boonton 160-A Q-meter. 

The powders investigated were deposited on a piece 
of conductive glass, and a thin aluminum foil (about 4 
cm? in area) was used as the other electrode. This 
method of preparing powders for conductivity measure- 
ments has previously been described.' 


A. Results with Ultraviolet Irradiation 


The ultraviolet source used was of the mercury dis- 
charge type (maximum energy around 3650A); about 
10 microwatts per square centimeter was incident upon 
the powder. Calibrated neutral filters were used to 
decrease this intensity by a factor of up to 10°. 

In Fig. 4 the capacitance change and Q values for 
powder L (19 mg/cm*), a long-persistence [Zn: Cd ]- 
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Fic. 4. Capacitance change and Q values for powder L versus 
ultraviolet exciting intensity. 
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S(Pb, Ag) material, are shown over a range of exciting 
intensities at a frequency of 80 kc. The characteristics 
of these curves are similar to those of the theoretical 
curves. The capacitance change curve shows the typical 
slow rise, relatively steep middle portion, and tendency 
toward saturation with increasing intensity, while the Q 
curve shows the pronounced minimum to be expected 
from the theoretical calculations. 

Figures 5 and 6 show the capacitance change and QV 
values of powder L (19 mg/cm’) at frequencies of 4600 
cycles, 80 kc, and 800 ke for various values of exciting 
intensities. The capacitance change curve clearly shows 
how an increase in frequency shifts the curves to 
increased intensities; thus, a value of AC,/Co of 20 
percent is reached at about (5X10~°)/max for f= 4600 
cps, at about (1078)Jnax for f= 80 ke, and at (10 )Jivax 
for f=800 ke. For this powder at these intensities, the 
saturation part of the curve can be seen only at low 
frequencies, while the slow increase from zero capaci- 
tance change can be seen best at the highest frequency. 
At 80 ke, the intermediate frequency, the AC /C») curve 


y-= 
i 10 100 

Fic. 5. Cpacitance change values for powder L versus ultra 
violet exciting intensity at various applied frequencies. 


is approximately linear with log/ over most of the 
measured range, similar to the curves obtained by 
Garlick and Gibson. 

Although the theoretical calculations lead to the 
same value for AC Cy at given values of //w, the experi- 
mental results indicate that the percentage change in / 
is considerably larger than the percentage change of w 
to obtain the same capacitance change. The theoretical 
results were obtained by assuming p to vary inversely 
as /; if this dependence is changed to p= 1/J/", where n 
is less than one, the theoretical curves would be in 
more accord with the measurements. In the results on 
dc measurements,! all powders showed a deviation from 
a linear relationship between the induced current and 
the exciting intensity ; if the current density is expressed 
as J=al", n>1 for the previously reported measure- 
ments. This is at variance with the relationship ob- 
tained from Fig. 5 where n<1 is a better fit for the 
experimental results. It may be that the shape of the 
de current-intensity curves were considerably influenced 
by other factors, such as potential barriers and non- 


IN LUMINESCENT 


POWDERS 


RELATIVE INTENSITY —O& 


>. 6. Q values for powder L versus ultraviolet exciting intensity 
at various applied frequencies. 


uniform field strength, which do not show up appre- 
ciably in the ac measurements. The theoretical calcu- 
lations carried out previously! indicate that there are 
regions where n>1, n=1, and n<1. 

Measurements of fluorescent emission (/2) versus ex- 
citing intensity showed, in some of these powders, a 
dropping off from a linear relation at low intensities, in- 
dicating a relationship F« 7", where n>1. Further in- 
vestigations are being carried out to find explanations 
for these different behaviors. 

Figure 6 shows the Q curves for powder L, and again 
the shift toward higher intensities with higher fre- 
quencies is easily noted. For the highest frequency used, 
800 ke, the minimum of the Q curve is just reached, 
while at the lowest frequency (4600 cps), the minimum 
can just be seen at lowest intensities. The shifts are 
more difficult to determine because of the broadness of 
the curves; in addition, the Q values are probably not 
as accurate as the capacitance measurements. 

Figure 7 shows the capacitance change and Q curves 
for powder .V, a ZnS(Ag) long peristence luminescent 
powder of 26 mg cm® thickness. The curve of AC/C, 
versus the log of the exciting intensity is linear over a 
range of more than 5 orders of intensity magnitudes, 
and there is no sign of saturation. The departure from 
a straight line would probably be evident at both lower 


FELATIVE INTENSITY 
. ee | 


0-0" 7 eae “oO 100 


Fic. 7. Capacitance change and Q values for powder N versus 
ultraviolet exciting intensity. 
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Fic. 8. Capacitance change values for powder K versus ultra- 
violet exciting intensity with and without infrared irradiation. 


and higher frequencies. The Q curve shows the typical 
pronounced minimum. 

Other AC/Co and Q curves of other powders under 
ultraviolet excitation are shown and discussed together 
with ultraviolet plus infrared curves in the following 


section. 


B. Results for Simultaneous Ultraviolet and 
Infrared Irradiation 


The capacitance and Q values of these powders were 
measured when infrared irradiation was added to the 
ultraviolet excitation. The infrared source was a 250- 
watt heating lamp with a 7-56 Corning filter, and 1 
milliwatt/cm? was incident upon the powder. The wave- 
length of the transmitted radiation was too long to 
excite the powder. In all powders measured, the equi- 
librium curves obtained with simultaneous infrared 
and ultraviolet radiation shifted as if the actual ultra- 
violet intensity were decreased; that is, a higher 
intensity was required to obtain a corresponding value 
of the ordinate. Thus, a definite “quenching” was ob- 
served, analogous to the current quenching observed 
with dc measurements. This shift is more pronounced 
at lower ultraviolet intensities; again in agreement with 
previous dc measurements where quenching always 
increases with decreasing excitation intensity. Figures 8 
and 9 show the shift due to addition of infrared irradi- 
ation in the capacitance change and Q curves for a 5 
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Fic. 9. Q values for powder K versus ultraviolet exciting 
intensity with and without infrared irradiation. 
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mg/cm? sample of powder K ; a [Zn:Cd |S(Pb, Cu, Ni) 
short-persistence luminescent powder. From Fig. 8 it 
can be seen that at high intensities the quenching is 
about 50 percent while at low intensities it is almost 
9) percent, which checks with the dec measurements 
(where quenching is defined as [(Juy—Jvv41r)/Jvv] 
-100 percent). 

The Q curve (Fig. 9) also shows the same shift, but 
in addition there is now a definite change in the value 
of the minimum Q; this value changing from about 
120 to 100, when infrared radiation is added to the 
existing ultraviolet excitation. Since an effective change 
of intensity should only shift the curve, this change in 
the minimum value indicates that the infrared radiation 
has some additional effect on the “nonconducting” 
portion of the powder; an effect not taken into account 
in the theoretical models proposed above. 

Previous dc measurements have shown that a current 
stimulation occurs before quenching sets in when infra- 
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Fic. 10. Q values for powder A versus time after cessation of 
ultraviolet excitation showing effect of infrared irradiation at two 
points on decay curve. 


red irradiation is added to ultraviolet excitation, espe- 
cially for powder K. Such a stimulation is difficult to note 
when using a Q meter or impedance bridge because the 
stimulation peak is rather fast and some time is required 
to obtain an impedance measurement. It was definitely 
noted, however, that at lower intensities (to the left 
of the cross-over point between the two Q curves of 
Fig. 9), the application of additional infrared irradiation 
caused a momentary decrease in the Q value before the 
equilibrium value was reached, while at intensities to 
the right of this point, first an increase and then a 
decrease in the Q value was noted. Thus, the infrared 
induced stimulation peak observed in dc measurements 
is also found in these impedance investigations. Since 
the infrared irradiation acts to empty the filled traps, 
the change in Q should be monotonic if only the filled 
traps influence the impedance measurements; if, how- 
ever, the effects are primarily due to electrons in the 
conduction band, a nonmonotonic change may occur, 





INDUCED CONDUCTIVITY 
since first there is an increase and then a decrease of the 
electron density in the conduction band due to the 
stimulation and overriding quenching effects of the 
infrared irradiation. This stimulation effect is more 
easily noted after ultraviolet excitation (during the 
decay period) and will be discussed below. 


C. Measurements after Ultraviolet Excitation 


Figure 10 shows the Q values obtained with powder 
K during and after ultraviolet excitation. As soon as 
the ultraviolet excitation is removed there is a sharp 
drop in the Q value followed by a slow build up to a Q 
value much higher than the Q with UV excitation. Thus 
the Q values again pass through a minimum, this time 
due to the decrease in conductivity with time rather 
than with intensity; effectively the Q values change 
from the extreme right-hand point of the UV curve 
(Fig. 9) through the minimum to the extreme left. The 
effects of infrared irradiation after ultraviolet excitation 
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Fic. 11. Capacitance change values for powder A versus time 
after cessation of ultraviolet excitation showing effect of infrared 
irradiation at two points on decay curve. 


are indicated by the dotted lines and are completely 
similar to the de effects. Immediately after the ultra- 
violet radiation has been stopped, the effect of the 
infrared is to further decrease the conductivity. How- 
ever, further along the decay curve (about 1 hour after 
ultraviolet excitation), a temporary decrease, then an 
increase of Q can be noted. This corresponds to a 
stimulation and subsequent quenching of the con- 
ductivity, respectively as in dc measurements. The 
stimulation is difficult to observe if the infrared is 
switched on at early portions of the decay curve; after 
longer time intervals the stimulation becomes more 
extended and can be noted on the Q meter. 

The capacitance change (for this same sample) as a 
function of time after ultraviolet excitation is shown in 
Fig. 11. Corresponding to the fast decay of the con- 
ductivity a sharp decrease in the capacitance is seen. 
Infrared irradiation causes a further decrease in the 
capacitance if applied soon after ultraviolet excitation 
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Fic. 12. Q values for powder L versus time after cessation of 
ultraviolet excitation showing effect of infrared irradiation at two 
points on decay curve. 


has ceased, but if 1 hour elapses before infrared irradia- 
tion is applied, an increase in capacitance is noted. The 
latter is due to an increase of conductivity, corre- 
sponding to the decrease in Q seen in Fig. 10. Figures 
12 and 13 show similar effects for powder 1. Again, 
stimulation is observed only after a considerable time 
lapse after ultraviolet radiation has ceased. The decay 
of the capacitance change curve is considerably longer 
than that of powder K. 


D. X-Ray and Gamma-lIrradiation 


Figures 14 and 15 show the effect of x-ray excitation 
on powder L at 80 ke. 

X-ray experiments were undertaken to prove that 
the previously described results obtained with ultra- 
violet excitation are not primarily due to the non- 
uniform excitation of the powder. X-ray irradiation, 
although it excites these powders nearly uniformly 


(small a, Eq. (A9)), shows almost the same shape 
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of the AC/Cy and O curves so that one can be sure that 
these effects are inherent to this type of material. 
X-rays of 50 kv were used, and intensities up to 300 
r/min were obtained, which is roughly equivalent to the 
same amount of absorbed energy as in the light experi- 
ments. The AC/Cy curve shows a very sharp increase to 
its saturation value; this occurs over a range of about 
2 magnitudes of intensity in comparison with about 3 
orders of magnitude for the fastest rising curve for 
ultraviolet excitation. This is to be expected from the 
theoretical curves (Fig. 2), in which the smallest ab- 
sorption (a) gives the steepest rise. Similarly, the Q 
curve is sharper than any of the other Q curves given 
above, again in agreement with the theoretical curves 
of Fig. 3. 

Under gamma-irradiation, powder L evidenced a 
slow change in Q from over 1000 to 30 after a 150- 
minute exposure (irradiation of 10 r/hr). This gamma- 
irradiation corresponds to a very small ultraviolet 
excitation since the absorbed energy in the powder is of 
the order of 1/100 erg per second. The equilibrium 
Q value under gamma-irradiation would therefore cor- 
respond to the lowest intensity of Fig. 6. A similar slow 
build up in conductivity was noted in the dc measure- 
ments, where weak ultraviolet excitation was required 
for hours before an equilibrium current was reached, 
due to the fact that a large number of empty traps must 
be filled before an appreciable density of conduction 
band electrons becomes evident. 


3. CONCLUSIONS 


The above described experiments indicate that the 
changes of impedance induced by external radiation in 
(Zn:Cd)S powders can be essentially ascribed to a 
change in the density of electrons in the conduction 
band if the sample is considered to be an inhomogeneous 
material, a portion of which remains highly resistive 
even under strong irradiation. The observed impedance 
changes should, therefore, not be described as changes 
in the dielectric properties of the material, and the 
assumption of Garlick and Gibson of polarizable traps 
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Fic. 14. Capacitance change for powder L values versus 
X-ray exciting intensity. 
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is not necessary, at least for these powders. It may be 
noted that the particular shape of the Q curve reported 
here has not yet been explained by the polarizable trap 
model. Such a shape could, to some extent, also be 
explained on the basis of nonuniform excitation without 
assuming an intrinsic inhomogeneity of the powder. 
From the x-ray experiments (Sec. 2, Part D) where the 
powders are uniformly excited and the Q curve has the 
same shape, it is concluded that it is the intrinsic 
inhomogeneity of the powder that is responsible for 
the shape of the Q curve. 

The close parallelism which was found between the 
radiation induced conductivity in dc measurements and 
the induced impedance changes in the ac measurements 
also strongly supports the above-mentioned conclusion. 
This parallelism is especially noticeable in the experi- 
ments where infrared light is directed at the powder 
after previous ultraviolet excitation. Corresponding to 
the observed de current increase followed by a quench- 
ing there is first an increase, then a decrease in the 
capacitance (and a corresponding change in the Q 
value). If the impedance changes were due to electrons 
in traps, infrared irradiation would constantly decrease 
this amount, and there would be only a decrease in the 
capacitance and no such change in ( as found in Figs. 
10 and 12. 

Using the simplified layer model, an order of mag- 
nitude evaluation can also be made of the conductivity 
of the radiation sensitive portion. The result thus ob- 
tained is larger than that observed in the dc measure- 
ments (as is to be expected because of grain contact 
resistance), but is about the same as the experimental 
value found for single CdS crystals.?-* 


APPENDIX 
A. Uniform Excitation 


If the powder can be considered to consist of-a radia- 
tion sensitive portion and a permanently nonconducting 
portion, the impedance may be written as 


LZ=-— j w+ R2/ (1+ Riu ’,?) 


— JRewC»/ (1+ Rerw°C2*), (Al) 


since the arrangement described above is equivalent to 
two capacities in series.? C, is the capacitance of the 
nonconducting layer, C2 is the capacitance of the radia- 
tion sensitive layer and R, is the shunt resistance of the 
radiation sensitive layer. If one considers the resistance 
of the conducting layer to vary inversely as the exciting 
untensity the impedance may be written as 


Z= — jdy/weA+ (dy/yTA)/ (1°72) 


— (Jweds/y7I*A*)/(14+0°e/ yl"), (A2) 


where we have used C,;=e€A/d,; Co=€A/d2; Ro= pd2/A 
=d.»/yIA, and where A is the area, d; and ds are the 
thicknesses of the nonconducting and conducting layer 


7 See any textbook on electrical circuits. 
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respectively, and ¢ is assumed constant. Separating into 
real and imaginary components, the impedance may be 
written 


Z=(do/Ayl)/(A+e°e/ 71?) 


—(j/weA){[do/(1+7212/o°e)]+di).  (A3) 


The apparent capacitance of the powder is obtained 
from the reactive part: 


C=1/wX =€A/{[do/(At+70?/w'e)]+d)}.  (A4) 


The apparent change in capacitance of the powder is 


AC=C—Co= (€Ads) {(d,+d2) 


[dit (dit+d2)w’e (A5) 


rik. 


where Cp is the capacitance at zero intensity. The 
largest capacitance change obtainable (very large /) is 


AC gat. = €Ad2/d\(d\+dz). (A6) 


The Q of the circuit (Y/R) is 


O= (we yI)(1+d, ds) +I (d; ds) ‘€W). (A7) 


Thus, Q becomes infinite for both 7=0 and /= «, with 
a minimum given by 


(yI/ew)?= (di+d2)/dy, (A8) 


at which point it has a value of 2[d:(d:+-d2) }§/do. 


B. Nonuniform Excitation 


If the incident radiation is strongly absorbed by the 
luminescent powder, there will be a nonuniform excita- 
tion throughout the powder. With x-rays, high energy 
beta-particles, and gamma-radiation such absorption is 
negligible and the powder can be considered uniformly 
excited. With ultraviolet or alpha-particle excitation, 
strong absorption sets in, and the layer of the powder 
facing the source is more strongly excited than the 
other side. 

To consider the case of nonuniform excitation, the 
model again consists of .V; nonconductive and N» con- 
ductive layers. 

The impedance element of one layer of the radiation 
sensitive portion of the powder may be expressed as 


dZ=dx/ A(jwe+yle~%), (A9) 


where Ae/dx and dx/yJe~”A are the capacitance and 
resistance of the element considered ; where the intensity 
of the radiation is assumed to fall off exponentially in 
the powder; and where x is the position of the layer. 
Each radiation insensitive layer has the same value 
as for uniform excitation and together have the im- 


IN 


LUMINESCENT POWDERS 


Powoer lL 


f «80 ke 





Fic. 15. Q values for powder L versus x-ray exciting intensity. 


pedance 1/jwC,. Therefore, the total impedance is 


do 


Z= (dy dd) f dx/(jwet+ yle~™)+1/jwC, (A10) 
0 


where 1/C,;=> 1/C,, for C, the capacitance of each 
radiation insensitive layer. The integral is to be 
evaluated over the entire thickness of the powder (do) ; 
since the radiation sensitive portion is only the fraction 
d2/d of the entire sample, this factor must be placed in 
front of the integral. The integration is  straight- 
forward and yields 


Z= (d2/dyA.awe)(tan—!{ (we/yl) (e%— 1) 
[1+ 6% (we/yl)* }}) 
_ (jdo Awe){ 1 — (ds ‘Qad,") 


X In[{(we+ y12)/(we+ ye) Jy. (ANN) 


For a@ approaching zero (negligible absorption) this 
equation reduces to (A3) above. However, the intensity 
dependence of Q and AC/C, for intermediate values of 
intensity is considerably different from that obtained 
from (A3) for considerable absorption (a2 1/d). 

If, instead of using the simple model consisting of a 
conducting and nonconducting portion of the powder, 
these portions are differentiated by having different 
conductivities (y; and y2) differing by at least several 
orders of magnitude, Eq. (A10) becomes 


do 
Z= (d1/dyA if dx/(jwet+ y.le~™) 


de 
+(d; dus) f dx/(jwe+yile-™). (A12) 
0 


The change in the AC/C, and ( curves using (A12) 
instead of (A10) would be that (1) the AC/C» curve 
would not reach a saturation value but would continue 
to increase with intensity; (2) the QO curve, after going 
through a minimum, would tend to reach a maximum 
and then to decrease again at higher intensities. 





PHYSICAL REVIEW VOLUME 89, NUMBER 4 FEBRUARY 15, 1953 


Drift Velocity of Ions in Oxygen, Nitrogen, and Carbon Monoxide 


RoBert N. VARNEY* 
Bell Telephone Laboratories, Murray Hill, New Jersey 
(Received October 17, 1952) 


The drift velocities of ions of the parent gas in oxygen, nitrogen, and carbon monoxide have been measured 
as a function of field strength to pressure ratio by techniques previously reported. Oxygen gave results 
similar to those in the rare gases reported previously. A log-log plot of drift velocity against E/po in volts 
(cmXmm Hg) starts with a slope near unity which gradually decreases to one-half at high values of E/ po 
The mobility, extrapolated to zero field and atmospheric pressure is 2.25 cm?/volt-sec. Nitrogen and carbon 
monoxide both show a novel characteristic; the drift velocity first rises with £/p» but reaches a maximum 
and actually decreases, then finally resumes a more normal rise with F/fo as described for oxygen. It is 
believed that at high F/fo the drift velocity is characteristic of N,* ions and CO? ions, respectively. At 
low fields the ion in nitrogen is believed to be N,y*. In CO the ion at low fields is believed to be CO*, with 
(CO).* being formed at intermediate fields. The results are complicated by an additional ion which appears 
in the range of F/po from 95 to 250 and which has a higher speed than the other ion, It is suspected of 


being Ct 


INTRODUCTION ously maintained on a connected trap. Pressures are 
read on a calibrated McLeod gauge. 

The drift velocity is then plotted against E/ po, the 
ratio of field strength to pressure, in a log-log form. 
The symbol fo is used to indicate that pressure readings 
are reduced to the corresponding value for 0°C. Also 
plotted is a graph of the mobility, defined as 


HE apparatus for the present work has been 

described in detail in reference 1 and has been 
used previously to measure drift velocities of ions in 
the rare gases.'? Briefly summarized, a field is applied 
between parallel-plate electrodes, and a pulse of elec- 
trons is released from the cathode by the radiation from 
an external spark of short duration. A typical Townsend u=(vX po)/(760X E), 
avalanche results, and an exponential distribution of 
positive ions is left between the plates. The time needed 
(2 to 20 microseconds) to sweep out these ions is 
measured. The result, combined with the measured 
plate separation, yields the drift velocity. 

The tube is thoroughly degassed until residual 
pressure readings are below 5X 10~* mm Hg, and highly 
purified gas from commercially available flasks (Airco) RESULTS 
is then admitted. Liquid nitrogen cooling is continu- 


as a function of E/ po. At each value of E/ po, readings 
of the velocity are taken with several values of po 
spread over a range of a factor of 2, and with several 
values of Y, the plate separation, spread over a range 
of a factor of 3. No significant changes in velocity are 
observed except as a function of E/ po. 


Figure 1 is the drift velocity plot for pure oxygen. 
It is seen to approach a slope of one-half at high E/ po 
and unity at low E/ po in accordance with the theory 
given by Wannier.* The slope of one-half is character- 
istic of a repulsive force field of fixed radius surrounding 
the gas molecules, hence frequently described as hard- 
sphere repulsion. ‘The slope of unity at low E/po leads 
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Fic. 1. Log-log plot of drift velocity of ions in oxygen vs E/ po. 
The dashed lines are drawn at slopes of one-half and one, respec- 
tively. 


Fic. 2. Mobility of ions in oxygen plotted against E/po. The 
arrow at the left indicates an approximate extrapolated value for 
E/ po of zero. The arrow is at «= 2.30 cm?/volt-sec, although any 
* Now at Washington University, St. Louis, Missouri. value between 2.15 and 2.35 is reasonably suitable. 

| J. A. Hornbeck, Phys. Rev. 83, 374 (1951); 84, 615 (1952). z 

2R. N. Varney, Phys. Rev. 88, 362 (1952). 3G. H. Wannier, Phys. Rev. 83, 281 (1951). 
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Fic. 3. Log-log plot of drift velocity of ions in nitrogen vs E/ po. Actual points are shown to indicate the precision 
of observations. Mitchell and Ridler’s results at low E/po, adjusted by the writer from 20°C to 0°C, are shown. It is 
proposed that at low £/ po the ions are largely Ny*, at high £/ po they are N2*, and in the intermediate region each 


ion changes many times from N»2* to N4* and back. 

to the constant mobility characteristic of all ions in 
this range. Figure 2 shows the mobility vs E/po for 
oxygen. The extrapolated mobility for E/ po of zero is 
estimated at 2.25+0.1 cm’/volt-sec. Both Figs. 1 and 
2 are similar to typical results in the rare gases. 

The drift velocities of ions in nitrogen and in carbon 
monoxide are shown in Figs. 3 and 4, plotted loga- 
rithmically as before against E/ po. Both graphs differ 
notably from the oxygen result in that after a prelimi- 
nary rise in drift velocity with E/ po, the velocity drops 
by several percent as E/ po grows. Finally, after an 
appreciable further increase in E/ po, the drift velocity 
resumes a more uniform growth with E/po at a rate 
approaching a slope of one-half on the log-log piot. The 
anomalous region of decreasing velocity with increasing 
E/ po ranges from E/ po of 60 to 88 in nitrogen and 100 
to 150 in carbon monoxide. In nitrogen, however,the 
lower bound of abnormal behavior might be set as low 
as E/p» of 38 upon consideration of the mobility vs 
E/po plot in Fig. 5. The limits in carbon monoxide 
may be regarded as extending from E/ po of 90 to 170 
if the criterion for abnormal behavior is that the log 
velocity vs logE/po curve has a slope of less than 
one-half. 

In carbon monoxide, an additional ion appears in the 
range of E/po) from approximately 95 to 250. The 
pattern on the oscilloscope characteristic of this second 
and faster ion is considerably less sharp in form. Hence 
it is likely that this type of ion is not formed by the 
initial electron avalanche within the very short time 
interval of its duration, but rather is formed as a by- 


product of the other ions as they are swept out by the 
applied field. The drift velocity is correspondingly less 
clearly readable, and the scatter of points in Fig. 4 for 
the fast ion is a consequence. No similar ion is found 
in nitrogen. 

The mobility vs £/ po curves for nitrogen and carbon 
monoxide are shown in Figs. 5 and 6. The curve for 
nitrogen is seen to join with that of Mitchell and 
Ridler.* (Mitchell and Ridler’s results are presumed to 
refer to a temperature of 20°C and their pressures have 
been adjusted to 0°C both in E/p and yw.) The curve 
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Fic. 4. Log-log plot of drift velocity of ions in carbon monoxide 
vs E/ po. A second ion with higher velocity appears at values of 
E/ po between 95 and 250 volts/(cm* mm Hg). Since its oscillo 
scope pattern is less sharp, this drift velocity is less certain 
Judgment errors in the case of the faster ion probably tend to 
give too low a velocity reading 
W. Ridler, Proc. Roy. So 


‘J. H. Mitchell and K. E (London) 


146, 911 (1934). 
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Fic. 5. Mobility of ions in nitrogen as a function of E/po. 
The present results join suitably with the older observations of 
Mitchell and Ridler at low £/po. Their results have been adjusted 
from 20°C to 0°C for this plot. 


for carbon monoxide suggests a very much lower 
mobility at //po of zero for ions in this gas than for 
ions in nitrogen. The significance of this observation is 
discussed at a later point. 

ANALYSIS OF RESULTS 

By use of a previously established equation derived 
by Hornbeck and Wannier,* the molecular cross sections 
for the ions at high £/ po values are obtained shown in 
Table I. The low value for oxygen indicates that charge 
exchange occurs less readily in this gas than in No, CO, 
or A (from reference 1), a result that is not altogether 
surprising for oxygen because of its known electron 
affinity. The values for N». and CO are more nearly 
comparable with values for Ne and A. 

The Langevin formula may be applied to predict zero 
field mobilities in these gases if several assumptions are 
made. The first assumption concerns the chemical 
formula of the ion; the second concerns the nature of 
the ion-molecule force interaction. In this paper, only 
two force laws will be considered. On the one hand, 
only attractive polarization forces may be used if the 
hard sphere repulsion is assumed to be negligible. On 
the other hand, the repulsive forces may be included by 
using the hard sphere radius obtained from Table I. 
The results are shown in Table IL. (It was pointed out 
in references 2 and 5 that the repulsive forces treated 
in this way include the action of charge exchange.) 

Examination of Table II and of the various drift 
velocity and mobility curves suggests certain possible 
explanations for the present results. 

In oxygen, it is difficult to believe that any ion other 
than O,* is present despite the poor agreement in 
mobility values shown in the table. The appearance 
potential® for OF in O. demands that electrons have 6 
to 8 ev more energy to produce this ion than to give 
Oz»*. Such ions as Ost and Oqt have been omitted from 
the table since they were not observed in the mass 
spectroscope by Luhr’ with basic experimental condi- 
tions equivalent to the present ones. 

® J. A. Hornbeck and G. H. Wannier, Phys. Rev. 82, 458 (1951). 


®H. D. Hagstrum, Revs. Modern Phys. 23, 185 (1951). 
7Q. Luhr, Phys. Rev. 44, 459 (1933). 
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Consider next the results obtained with nitrogen. 
The drift velocity curve (see Fig. 3) may be divided 
into three parts which will be referred to here as regions 
of high, intermediate, and low E/ po. The two extremes 
are each reasonably similar, as far as they go, to curves 
obtained for single types of ions in the rare gases, but 
since the two sections are only connected by the 
decidedly unusual intermediate section which has a 
negative slope, it may be judged that a different ion 
exists at high fields than at low fields. In the inter- 
mediate region, a transition from one type of ion to the 
other must be occurring. 

If the high field and the low field sections of the 
curve are each extended as might be guessed from 
comparison with rare gas curves, the high field section 
is seen to lie at lower velocity values than the low field 
section. This gives a first clue to the nature of the ions 
since it is reasonably well established that the slowest 
ion in a gas is the one which will exchange charge most 
readily with the gas molecules. Charge exchange always 
occurs with maximum cross section in any gas for the 
ion which becomes the normal gas molecule after 
exchange, in this case N.*;° in fact at the low energies 
involved, charge exchange occurs only for this case. 
Hence the ion at high E/ pp is believed to be N2*. 

The ion at low E/ po values is not likely to be N* 
since considerably more energy is needed to produce N* 
from N» than to give N2*. It is more probable that it is 
N4*, produced by attachment of N» gas molecules to 
the Not ions formed in the initial electron avalanche. 
Such attachment has been observed by Luhr’ and the 
ions identified in the mass spectrograph. 

It remains to explain the presence of only one 
observed velocity, especially through the transition 
region. The mechanism invoked is the reversible 
reaction system 

Not+Ne2Nqt, Nat+NeoNot+2Nzo. 
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Fic. 6. Mobility of ions in carbon monoxide as a function of 
E/po. The mobility fails to show the very great increase with 
decreasing E/po seen in Fig. 5 in nitrogen. The behavior of CO 
may thus be compared with that of Ne only in the high field 
regime. The upper curve is for the faster ions suspected of being 
Ct and observed only in a limited range of E/ po values. 


8 See, for example, H. Kallmann and B. Rosen, Z. Physik 61, 
332 (1930). 





DRIFT VELOCITY OF IONS 


At low E/ po, the reaction proceeds in the direction of 
the first equation by attachment, and detachment is 
much slower. At high E/ po, Ng* might not even form, 
but any N,4* ions so formed break up rapidly by 
collision according to the second equation, which is now 
dominant. The necessary and sufficient condition that 
only one drift velocity be observed is that the mean 
free path for at least one of the above reactions be 
much less than the drift space. That is, at low E/po, 
the free path for the reaction N,*—>N,* is short, and 
at high E/ po, the free path Ny*—>N,* is short. In the 
intermediate region, each ion undergoes a long series 
of attachments and detachments giving, as a result, 
the average single observed velocity. If the interchanges 
were too infrequent, a measurable spread in drift 
velocity would be observed, because of the arrival of 
ions at the cathode with various histories. There are 
in fact some 10* collision free paths between the elec- 
trodes, so that if the attachment or detachment 
occurred only in one collision out of every 100 to 500, 
the spread in arrival times would be less than about 
10 percent, and hence unobservable (a slight spread 
amounting to 10 percent is always present because of 
diffusion and pulse width). 


TABLE I. Molecular cross sections of Oz, Ne, and CO at high E/ po. 


Cross section 


Molecule 


Oz 0.79 107" cm? 
Ne 1.23 
CO 1.45 


In carbon monoxide, a similar analysis is applicable. 
At high fields, the ion is probably CO* since in CO gas 
this ion should have the largest charge exchange cross 
section and the smallest drift velocity. It may be 
noted that at high E/pp the CO and the No» drift 
velocity curves are nearly superposable. Since CO and 
N» bear many chemical and electronic resemblances to 
one another, it may be assumed that the nearly corre- 
sponding drift velocity curves indicate corresponding 
ions. Hence, the assumptions of N2* ions and CO* ions 
at high E/ py mutually support one another. 

At low E/ p> the drift velocity curve in CO falls 
appreciably below the curve in nitrogen; in fact it may 
even be possible that the low E/po region coincides 
with an extrapolation of the observed curve at high 
E/ po. Finally, the low mobility in CO at low E/ po and 
the agreement of the zero field mobility seen in Table II 
combine to suggest that CO* is also the ion present in 
the low E/ po regime. 

The transition region in CO, if it is to bear any 
relationship to the experimentally similar one in 
nitrogen, must then be governed by the attachment- 
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TABLE II. Calculated and experimental zero-field mobilities of 
ions in Oz, Neg, and CO. 


Assumed Mobility without Mobility with Experimental mo 
repulsive force repulsive force bility at zero field 


Gas 
O2 5.37 ont = 

2.75 2.78 2.258 
3.42 
2.80 
2.55 
2.42 


2.17 


2.19 
1.89 
1.93 
2.82 


1.58} 


* Extrapolated from present data. 
> From Mitchell and Ridler (reference 4). 


detachment reactions 


CO*+CO—(CO)s+, (CO)s*++CO—>COt-+ 2C0, 


with the added provision that the first reaction occurs 
most favorably at an E/ p> value above zero with the 
reverse reaction favored by a still higher E/ pp value. 
Finally, since still another ion is observed but only in 
the intermediate E/po band where this presence of 
(CO).* ions is likely, an irreversible disruption of this 
ion following the equation 


(CO):+>C++CO,z 


is suggested. There is evidence of deposition of carbon 
on the cathode and of accumulation of CO, in the 
liquid nitrogen trap. It must be emphasized that the 
scope of possibilities in carbon monoxide is considerably 
greater than in nitrogen rendering the present hypoth- 
esis notably more speculative. 


CONCLUSION 


The drift velocity curves in nitrogen and carbon 
monoxide have disclosed a definitely new and unex- 
pected behavior of ions in these gases. The observations 
may have far reaching influence on the analysis of other 
observations, covering glow phenomena, afterglow, and 
catalysis. The hypotheses advanced to explain the 
observations must await further mass spectrographic 
studies for their confirmation but seem at the moment 
to offer the only reasonable ones. 

The writer is particularly indebted to Dr. D. J. Rose 
for many discussions and suggestions without which 
the present results would have been unobtainable. He 
is also indebted to Dr. J. A. Hornbeck who designed 
and constructed the original apparatus. Dr. G. H. 
Wannier and Dr. K. G. McKay were most helpful in 
criticizing the manuscript. Mr. F. D. Dolezal con- 
tributed valuably to the experimental work as technical 
assistant. 
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A Cloud-Chamber Study of the Scattering of Fast Neutrons in Oxygen* 


J. P. Connert 
Rice Institute, Houston, Texas 
(Received September 29, 1952) 


Neutrons with an energy of 14.1 Mev have been scattered in oxygen gas, and the recoil oxygen nuclei 
observed in a cloud chamber operated at a pressure of $ atmosphere. Recoils from elastically scattered 
neutrons were resolved from recoils due to inelastic scattering. The results indicate a strong asymmetry 
in the angular distribution of elastically scattered neutrons; the angular distribution has maxima at 0°, 80°, 
and 180° and minima at 60° and 130°. Within a factor of 2, the angular distribution for the inelastically 
scattered neutrons is symmetrical. The probability per unit energy interval that the oxygen nucleus will 
be left excited is about 5 times as large at 6-Mev excitation as at 12-Mev. 

The cross section of oxygen for 14.1-Mev neutrons is 0.7 10~™ cm? for elastic scattering, 0.5 10~™ cm? 
for inelastic scattering, and 0.4X 10~*4 cm? for disintegration. 





EXPERIMENTAL APPARATUS AND PROCEDURE 


steerage 14.1-Mev neutrons were pro- 
duced in the Rice Institute Cockroft-Walton 
accelerator using the H*(d,n)Het reaction. Targets 
were tritium absorbed in zirconium! with a thickness of 
about 300u g/cm*. The Cockroft-Walton was operated 
at about 160 kv, and the unresolved beam containing 
about 80 percent molecular ions was used. An aperture 
5 mm in diameter was placed over the target to define 
the beam so that the size of the neutron source would be 
small. The cloud chamber was operated on a cycle of 
about 70 seconds with an electronic timer, which also 
pulsed the Cockroft-Walton ion source such that no 
neutrons were produced until the chamber became 
sensitive. 

The cloud chamber was 24 cm in diameter and was 
placed with its center 32 cm irom the neutron source at 
90° to the beam. Stereoscopic photographs were taken 
with a single camera by photographing one direct view 
and one image reflected from a front surface mirror. 
The stereoscopic angle was 20°. The film was observed 
by removing the cloud chamber and projecting the 
images on the developed film through the same optical 
system including the camera. A white screen placed in 
the position of the chamber was then adjusted until 
both images of a track coincided; the coincident images 
gave the true length and orientation in space of the 
track. 

The stopping power of the gas in the chamber was 
determined by placing a polonium alpha-particle source 
inside the chamber. The range’? of the Po alpha-particles 
was taken to be 3.82 cm. The source was enclosed in a 
small cylinder the end of which was covered with a 
shield which could be moved with a small magnet from 
outside the chamber. At the beginning, in the middle, 
and at the end of each roll of film, 5 frames were taken 
of the alpha-particle tracks. 

* Supported by the U. S. Atomic Energy Commission. 

t U. S. Atomic Energy Commission Predoctoral Fellow. Present 
address: Physics Division, Los Alamos Scientific Laboratory, Los 


Alamos, New Mexico. 
1A. B. Lillie and J. P. Conner, Rev. Sci. Instr. 22, 210 (1951). 


2H. A. Bethe, Revs. Modern Phys. 22, 213 (1950). 


An upper limit for the fraction of neutrons which were 
scattered by surrounding equipment, the floor, etc., 
and then entered the chamber was obtained by ob- 
serving the planes of the two forked-tracks from disin- 
tegrations produced by the neutrons. The initial direc- 
tion of particles from a disintegration must be coplanar 
with the direction of the neutron initiating the disinte- 
gration; but, because of scattering of the charged par- 
ticles, some tracks due to unscattered neutrons may 
appear noncoplanar. From the measurements, 80 per- 
cent of the neutrons came from within 10° of the direc- 
tion to the source. The glass chamber wall (2 in. thick- 
ness) would scatter only 12 percent of the neutrons 
coming from the source, and most of the scattering 
would be at very small angles. 

The chamber was refilled with 99.5 percent pure 
oxygen gas each day of the operation to be sure that 
the chamber filling had a known composition. Water 
only was used as the vapor in the chamber so that there 
would be no problem in identifying the tracks. 


RESULTS 


About 2300 recoil oxygen nuclei on about 450 pictures 
were measured. The true length of a recoil was taken 
to be the total length of the track less the width of the 
track. Recoils were measured down toa length of 0.1 cm, 
although a few between 0.1 and 0.2 cm may have been 
missed. It is felt that recoils with lengths greater than 
(0,2 cm were observed with 100 percent efficiency. The 
track lengths were estimated to 0.01 cm, and the angles 
were measured to 0.5°. 

Figure 1 is a plot of the number of recoils observed 
as a function of the track length in certain angular 
intervals. The ordinate of a point is the number of tracks 
ina 2 mm track length interval. Points are plotted every 
mm of track length and so each track is counted twice, 
once in each plotted point adjacent to it in length. 
The limits of the angular intervals were chosen such 
that the recoils from elastically scattered neutrons were 
divided into 10 equal energy intervals. The short heavy 
vertical lines on the abscissa in Fig. 1 show the expected 
length of recoils corresponding to excitation of O'* to 
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SCATTERING OF FAST 


the amount indicated. Known excited states in O'* occur 
at 6.05, 6.13, 6.9, 7.1, 10.5, 10.8, and 11.2 Mev and 
perhaps at 8.6 and 9.5 Mev. In addition there are 5 
states between 12.44 and 13.24 Mev.’ 

The range-energy relation for oxygen nuclei and the 
stopping power of the gas in the chamber must be known 
in order to calculate the expected track length of a 
recoil corresponding to a particular energy. The range- 
energy curve was obtained from results of Lillie.‘ The 
stopping power was determined from the length of 
Po alpha-particle tracks and was found to be 0.193 for 
the alpha-particles. A small correction to this figure 
was needed because the stopping power of hydrogen 
present in the water vapor was not the same for the fast 
alpha-particles and the relatively slow oxygen recoils. 
The corrected value of the stopping power for oxygen 
recoils was 0.197. Values of the stopping power of 
hydrogen were taken to be 0.35 for the oxygen nuclei 
and 0.20 for the alpha-particles.* 


Elastic Scattering 


One may see from Fig. 1 that recoils due to elastic 
scattering were resolved from those due to inelastic 


ees ae ee ;——— 
be 4 
= so 9° / R “ 
- ° ~ee0k, f « 


6 


=. 
Sa ee 


= ° 
og 
. o0%y~59- 96 


6 8 





TRACKS 





NUMBER OF 














10 15 2.0 ts 3.0 
TRACK LENGTH IN CM 

Fic. 1. Plot of number of tracks as a function of track length 
for tracks up to an angle of 45° in the laboratory system. Tracks 
due to inelastic scattering cannot take place at angles greater 
than 48°. The angular intervals of (A), (B), (C), (D), and (£) are 
0° —18.4°, 18.4° —26.6°, 26.6° —33.2°, 33.2° —39.2°, and 39.2° 
—45.0°, respectively. The heavy short lines on the abscissa 
indicate the calculated lengths of tracks corresponding to 
excitation of the oxygen nuclei to an energy of 0, 6, 8, 10, and 
12 Mev. 

3 Hornyak, Lauritsen, Morrison, and Fowler, Revs. Modern 
Phys. 22, 291 (1950). 

4A. B. Lillie, Phys. Rev. 87, 716 (1952). 

5C. M. Crenshaw, Phys. Rev. 62, 54 (1942). 
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Fic. 2. Angular distribution of the elastically scattered neutrons. 
The ordinate is the number of neutrons per unit solid angle plotted 
as a function of the scattering angle in the center-of-mass system. 
The two methods of obtaining the angular distribution are indi- 
cated by the two kinds of points. In each case, the ordinate gives 
the number of recoil tracks counted. 


scattering; therefore, it was possible to obtain an 
angular distribution for elastically scattered neutrons. 
Angular intervals were chosen such that the total 
solid angle of the scattered neutrons was divided into 
20 equal parts. The number of neutrons per unit solid 
angle was then plotted as a function of the angle of 
neutron scattering in the center-of-mass system. In 
order to include tracks due only to elastic scattering, 
recoils were counted which had a track length within 
0.8mm of the calculated track length. If the plane 
formed by the track and the incident neutron direction 
was at an angle greater than 45° to the horizontal, the 
tracks were not counted. The resulting angular distribu- 
tion is given by the open circles in Fig. 2. 

At small angles this method is subject to large errors 
in measuring the angles of the recoils. Large angle 
scattering of the neutrons gives long oxygen recoils, and, 
therefore, accurate length and angle measurements, 
while small angle neutron scattering produces short 
recoils, whose direction cannot be determined as 
accurately. The data were considered in another way 
which took advantage of the fact that the length meas- 
urements were more accurate than the angle measure- 
ments for short tracks. The tracks due only to elastic 
scattering in all angular intervals were added together, 
and then the number of tracks with lengths between 
the calculated track lengths were plotted as the solid 
circles in Fig. 2. Again the plane formed by the track 
and the incident neutron was required to be within 45° 
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of the horizontal. This second type of plot is the same 
as that obtained with an ion chamber and differential 
pulse-height analyzer in the cases where no inelastic 
scattering or disintegration takes place. 

Note that agreement between the two methods of 
obtaining the angular distribution is good at large 
angles. The solid circles are more accurate at small 
scattering angles. The curves show minima at about 
55-60° and at 130° with maxima at 0°, 80°, and 180°. 
Other measurements with neutrons of about the same 
energy scattered from lead have indicated a large for- 
ward scattering, a minimum at about 25°, and a small 
maximum at about 40°. Measurements at about 3-Mev 
neutron energy on several elements show a pronounced 
forward scattering with no indication of other maxima.’ 

In the present experiment the large forward scattering 
is about what is predicted for diffraction scattering.* 
The general shape of the curves is similar to that ob- 
served in stripping’ and in the scattering of deuterons 
by light elements. It seems likely, because of the 
similarity in the angular distribution, that all these 
processes may have a common explanation. 


Inelastic Scattering 


As may be seen from Fig. 1, no angular distribution 
could be obtained for inelastically scattered neutrons 
involving a single excited state in oxygen. However, a 
rough average angular distribution from states with an 
excitation energy near 6 Mev was derived from the data 
by considering recoils with track lengths between those 
calculated for excitation energies of 5 and 7 Mev. The 
results indicate that the distribution is symmetrical 
within a factor of 2. 

In order to obtain a probability distribution for 
excitation of oxygen nuclei, the angular distribution of 
inelastically scattered neutrons was assumed to be on 
the average symmetrical. Then by considering all tracks 
due to inelastic scattering, the probability per unit 
energy that the oxygen nuclei will be left excited was 
found to decrease by about a factor of 5 from 6-Mev 
excitation to 12-Mev excitation. This result is some- 


®Amaldi, Bocciarelli, Cacciapuoti, and Trabacchi, Nuovo 
cimento 3, 15 and 203 (1946); International Conference on Funda- 
mental Particles, Phys. Soc. (London), 97 (1947). 

7 Kikuchi, Aoki, and Wakatuki, Proc. Phys. Math. Soc. Japan 
21, 410 (1939); T. Wakatuki and S. Kikuchi, Proc. Phys. Math. 
Soc. Japan 21, 656 (1939). 

8G. Placzek and H. A. Bethe, Phys. Rev. 57, 1075 (1940); 
Feld, Feshbach, Goldberger, Goldstein, and Weisskopf, Atomic 
Energy Commission Document NYO-636 (unpublished). 

9S. T. Butler, Proc. Roy. Soc. (London) A208, 559 (1951). 
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what surprising since the density of excited states is 
expected to increase with increasing excitation. 
However, several units of angular momentum may 
be associated with the incident neutron, and the 
emitted neutron may be required to carry off several 
units also. The lower penetrability of lower energy 
neutrons from higher excited states could account for 
the experimental change in the excitation probability 
if most of the emitted neutrons had a large angular 
momentum. 


CROSS SECTIONS 


For determination of thé cross sections the scattering 
in oxygen was compared to that in hydrogen by taking 
one roll of pictures with a gas mixture of 6.6cm Hg 
hydrogen gas pressure and 12.7 cm Hg oxygen gas 
pressure in the chamber. The temperature during the 
run was 23.1°C at which the vapor pressure of water is 
about 2.2 cm Hg. Thus the ratio of number of atoms of 
hydrogen to that of oxygen was 0.61 during the time 
tracks were formed immediately after the expansion. 
To be counted a track was required to start at least 1 cm 
inside the light beam and 3 cm from the chamber walls. 
No measurements on length or angle of the recoils were 
made. The number of recoils counted was 166, the 
number of disintegrations was 53, and the number of 
recoil protons was 56. A value of 0.689 barn was taken 
for the cross section of hydrogen for 14.1-Mev neu- 
trons.'® The cross section of oxygen for neutron scatter- 
ing was found to be 1.2 barns and for disintegration, 
0.4 barn, giving a total of 1.6 barns, which is in good 
agreement with the value obtained from neutron trans- 
mission experiments.'! The fact that some of the shortest 
tracks were not counted would make the value obtained 
for the total cross section slightly too small. Tracks of 
0.1-cm length correspond to a neutron scattering angle 
of 9°. It is felt that most of the recoils over 0.1 cm long 
were counted. The ratio of elastic scatterings to in- 
elastic scatterings as determined from measured tracks 
was 1.45. Only elastically scattered oxygen recoils are 
possible at laboratory angles greater than 48°, and at 
smaller angles the elastic scattering is well resolved 
from inelastic scattering. The cross section for elastic 
scattering is 0.7 barn, and that for inelastic scattering 
is 0.5 barn. 


10 Poss, Salant, Snow, and Yuan, Phys. Rev. 87, 11 (1952). 

"'L. S. Goodman, Argonne National Laboratory Report, ANL- 
4602 (1951) (unpublished) ; D. I. Meyer and W. Nyer, Los Alamos 
Report LA-1279 (1951) (unpublished). 
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The Measurement and Interpretation of the K Auger Intensities of Sn'’*, Cs'*’, and Au'®* 
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Auger electron intensity measurements have been made on Cs"7, Au'®’, and Sn'3 with a magnetic lens spec- 
trometer which is briefly described. A Auger yields for Ba and Hg of 0.130+0.007 and 0.056+0.008, 
respectively, were obtained. The A Auger electrons were resolved into three groups, A-LL, K-LX, and 
K-X Y, according as two, one, or no L electrons were involved. The ratios of the intensities of the latter two 
to the A-LL were found to be for In 0.417+0.016 and 0.076+0.008; for Ba 0.40+0.04 and 0,08+0.02. The 
measured ratio of K-LX to A-LL for Hg was 0.71+0.15. The relationship of these results to theory is 
discussed. A summary of measurements of K fluorescence yield and A Auger line intensity ratios is given. 
The Auger spectrum from Au'® indicates that K capture to Pt'®’ cannot occur in more than 0.5 percent of 
the disintegrations. A crude estimate of the Z to K capture ratio for Sn" indicates that it is not abnormally 


high. 


I. INTRODUCTION 


N the decay of radioactive nuclei, vacancies in the K 

electron shell are frequently created by internal 
conversion and by A capture. It is often desirable to 
determine the combined probability of these processes 
by counting the number of A vacancies produced per 
disintegration. As is well known,! a A vacancy is 
always filled by an electron from a shell of higher 
energy. The resulting energy can either be emitted as 
electromagnetic radiation (AK x-rays), or be transferred 
to an electron in a shell of higher energy and eject it 
from the atom (AK Auger electron). 

If the A fluorescence yield wx is known, a count of 
the empty shells can be made by a count of either the 
K x-rays or the K Auger electrons. The K fluorescence 
yield is defined as the number of AK x-rays emitted per 
K vacancy. In the past, most of the measurements of 
vacancies in the K shells have been made by means of 
the AK x-rays in spite of the difficulty in making absolute 
x-ray intensity measurements, because the A Auger 
electrons cannot penetrate the windows of most counters 
and ion chambers. A further difficulty is the lack of 
accurate knowledge of fluorescence yield, particularly 
for atomic number greater than fifty. This study 
attempts to increase the accuracy of our knowledge of 
the fluorescence yield for elements with atomic number 
greater than fifty, and to point out the possible useful- 
ness of K Auger electron spectra obtained in a magnetic 
spectrometer with a very thin window. 


II, EXISTING KNOWLEDGE OF THE 
FLUORESCENCE YIELD 


A. Theoretical 


Any complete and accurate theory of the Auger 
effect would be based on a proper theory of quantum 
electrodynamics, since the effect involves the inter- 
* U.S. Atomic Energy Commission Predoctoral Fellow. 

t Present address: Sandia Corporation, Albuquerque, New 
Mexico. 

t Present address: Rollins College, Winter Park, Florida. 

1A. H. Compton and S. K. Allison, X-Rays in Theory and Ex- 
periment (D. Van Nostrand Company, Inc., New York, 1935), 
second edition, p. 482. 


action of several electrons.? Such a theory in a satis- 
factory state does not exist at present. Approximate 
theoretical treatments of the Auger effect, however, 
have been made by several workers. The first con- 
siderations were by Wentzel,* who found that the K 
Auger transition probability y4 should be independent 
of the atomic number Z. Since the x-ray transition 
probability yx is approximately proportional’ to 2‘, 
the K Auger yield should be approximately 


ax=Va/(vyat yx) =Ci/(Ci4+- C22") =1/(1+624), (1) 
and the fluorescence yield 


wx=1—ax=yx/(¥atYx) 
=C74/(C,+- CZ) =Z4/(a+Z4). (2) 


Wentzel did not make any numerical calculations, but 
Pincherle,* Burhop,’ and Ramberg and Richtmyer*® 
made use of the expressions derived by him to calculate 
values for some of the Auger transitions involving an 


TaB_e I. Transition probabilities per unit atomic time (10%) .* 
Ramberg and 
Richtmyer 
Gold* 4 


Massey and 
Burhop 
Gold’.« 


Burhop 


Transition Silver" .¢ Pincherle*.« 


| 


2.02 
2.36 


2.54 


LyLi 
Lily 


1.74 


9.52 


2.50 
6.82 8.81 
LiLin 
Lil 


9.21 4.46 


1.41 


AAA AA AA 


*® Unit atomic time is the period of the electron of the first Bohr orbit of 
hydrogen. r—relativistic; m—nonrelativistic; s--screened hydrogen-like 
wave functions; u-unscreened hydrogen-like wave functions; f/—Fermi- 
Thomas statistical model for potential field. 


2N. F. Mott and I. N. Sneddon, Wave Mechanics and Its Ap 
plication (Oxford University Press, London, 1948), pp. 338 and 
3G. Wentzel, Z. Physik 43, 524 (1927). 

41. Pincherle, Nuovo cimento 12, 81 (1935). 

5 E. H. S. Burhop, Proc. Roy. Soc. (London) A148, 272 (1935). 

6 E. G. Ramberg and F. K. Richtmyer, Phys. Rev. 51, 913 
(1937). 
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initial K shell vacancy. Table I lists these values as well 
as those of Massey and Burhop’ discussed below. The 
first three calculations used nonrelativistic wave func- 
tions for the electrons. Pincherle used unscreened 
hydrogen-like wave functions in a Coulombian field; 
in this approximation the transition probability is com- 
pletely independent of Z. He has made the most com- 
plete set of calculations of probabilities for the K Auger 
electrons, considering interactions of electrons in the K, 
1, M, and N shells. In the spectrometer used by the 
authors, the K Auger electrons are resolved into three 
groups or lines, which may be designated as the K-LL, 
K-LX,and K-XY Auger lines. Here X and Y are used 
to denote M, N, etc., shell electrons. Thus, the K-LX 
line is due to K-LM, K-LN, etc., Auger electrons, and 
the K-NXY line is due to K-MM, K-MN, K-NN, etc., 
Auger electrons. It will be interesting to compare the 
observed ratios of intensities of these three lines to 
those obtained from the calculated probabilities of 
Pincherle. These calculated ratios are K-LL: K-LX: 
K-XY::1.00:0.716:0.103. 

Burhop, using the more accurate screened hydrogen- 
like wave functions with effective nuclear charges for 
silver as determined by Slater,® has calculated the 
transition probabilities only for the K—LL interactions. 
Ramberg and Richtmyer used the still more accurate 
Fermi-Thomas statistical model for the potential field 
in calculating the A-LL probabilities for gold. The 
above three works are in reasonable agreement for the 
total probability of the A-LL interactions, the only ones 
common to the three calculations. The relative 
values of the probabilities of the various K—-LL transi- 
tions are closely the same for Pincherle, and Ramberg 
and Richtmyer, though the absolute values of the latter 
are about twenty-five percent smaller. In a comparison 
of Burhop’s and Pincherle’s values, it is notable that 
the K-LinZin probability of Burhop is only slightly 
more than one-third that of Pincherle, while his 
K-Lyly and K-Lyly1 values are several times 
greater than Pincherle’s. 

Relativistic calculations have been made by Massey 
and Burhop? for the K-Lyl1, K-LiLu, and K-LyLin 
transition probabilities in gold and the K-Ly1Ly1 prob- 
abilities in silver. The theoretical method, due to 
Mgller,® on which Massey and Burhop base their work, 
considers only the two electrons directly involved in 
the transition. This is true of the nonrelativistic calcu- 
lations also. In this method,? the charge and current 
densities associated with the electron transition to the 
K vacancy are written with the aid of the Dirac theory. 
The retarded potentials of the electromagnetic field due 
to the transition are then calculated from these den- 
sities. These potentials are then used as the perturbation 
in a first-order perturbation calculation of the transition 


7H. W. S. Massey and E. H. S. Burhop, Proc. Roy. Soc. 
(London) A153, 661 (1936). 

8 J. C!Slater,tPhys. Rev. 36, 57 (1930). 

9C. Maller, Z. Physikt70,§780 (1931). 
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probability for the ejection of another orbital electron. 
Using screened hydrogen-like wave functions, they find 
that the use of relativity increases the calculated Auger 
probability. For the transitions considered the increase 
is twenty percent for silver and almost one hundred 
percent for gold. In addition they find that the use of 
relativity decreases the calculated x-ray transition 
probability by a factor of 0.75 in gold so that the Auger 
yield for gold is slightly more than double the non- 
relativistic value of 0.03. Using the K-LL Auger yields 
of Burhop, the relative values of the K-LL, K-LX, 
and K-XY yields of Pincherle, and corrections due to 
relativity based on their own calculations, Massey and 
Burhop constructed a theoretical curve of K Auger 
yield asa function of Z. Thus, the best theoretical curve 
available consists of a combination of several incomplete 
and approximate calculations. Values taken from this 
curve are ax=0.06 for mercury, ax=0.15 for barium, 
and ax=0.216 for indium. 


B. Experimental 


Many workers have measured K fluorescence yields 
for low atomic number elements (Z less than fifty) by 
observation of incidént and fluorescent x-ray intensities. 
The summaries of Arends!® in 1935 and Backhurst!! in 
1936 cover the contemporary data very well. Backhurst 
points out that some persons have confused the K 
fluorescence yield with the number of K x-rays per 
orbital (K, L, M, etc.) vacancy. This confusion has 
occurred in summaries that include the results of 
Harms,” Balderston,'* and Martin,'* who report the 
latter quantity in their papers. The summaries of 
Compton and Allison,! Massey and Burhop,’ Steffen 
el al.,° and Tellez-Plasencia® report the values of 
Harms, Balderston, and Martin as wx. A summary by 
Stephenson” reports the work of Martin correctly, but 
omits the results of Harms, Locher,'* and others, while 
Locher gives more weight to Harms’ and Compton’s!® 
results than to Martin’s. There is some reason for 
omitting the results of Berkey.”° He finds a maximum 
value for wx at Z=42. Such a maximum is not sup- 
ported by any other experimental data or by theory. 
Backhurst suggests that this maximum is due to the 
fact that the incident x-rays used by Berkey may not 
have been monoenergetic. None of these summaries 
includes the several measurements of K yields made 
since 1940, These measurements include the only ones 
made for elements of high atomic number.?° 


10 EF. Arends, Ann. Physik 22, 281 (1935). 

1 T. Backhurst, Phil. Mag. 22, 737 (1936). 

2M. I. Harms, Ann. Physik 82, 87 (1927). 

'3M. Balderston, Phys. Rev. 27, 696 (1926). 

“LL. H. Martin, Proc. Roy. Soc. (London) A115, 420 (1927). 

'® R. Steffen et al., Helv. Phys. Acta 22, 167 (1949), 

16H. Tellez-Plasencia, J. phys. et radium 10, 14 (1949). 

17 R. Stephenson, Phys. Rev. 51, 637 (1937). 

18 G. L. Locher, Phys. Rev. 40, 484 (1932). 

19 A. H. Compton, Phil. Mag. 8, 961 (1929). 

2” T). K. Berkey, Phys. Rev. 45, 437 (1934). 

%a Note added during publication: A recent book by Burhop, 
The Auger Effect and Other Radiationless Transitions (Cambridge 
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Fic. 1. Cross section of the lens spectrometer. (A) Vacuum lock, (B, C) lens coils, (D) source, (E) lead absorber, (F, L) ring baffles, 
(G) counter, (H) counter shield, (7) aluminum vacuum tank, (J) source holding tube, (AK) anti-scattering baffles, (47) ring baffle 


position adjusting rod. 


The experimental values support in a qualitative way 
the theoretical variation of ax (or wx) with atomic 
number, but none of the curves yet suggested, theoretical 
or semi-empirical, is in satisfactory agreement with all 
the available data. The relation 


wr=0.957Z24(0.984 X 10°+ 24) |, (3) 


riven by Arends!” and recommended by _ Tellez- 
8g 

Plascencia,'® seems to give the best fit of those that 
have been proposed. A new and, it is hoped, complete 
and accurate summary is given in Sec. V. 

In addition to the values of wx, several measure- 
ments of the relative intensities of the various K Auger 
lines have been reported in the lireature. Ference,”! 
using a magnetic spectrometer and Geiger-Mueller 
counter, studied the K Auger electrons from germanium. 
He reported the ratio K-LL: K-LX: :1.00:0.31. He did 
not resolve the K-LL Auger electrons well enough to 
allow an accurate estimate of the ratio of the K-LL 
sublevels, but the shape of the line indicated three 
groups of electrons with the highest energy group being 
the most intense. He gave the ratios of intensities of 
these groups, to be taken as an order of magnitude only, 
as 1.00:0.26:0.26. In 1950 Bergstrom and Thulin,” 
using the same technique as the present authors, ob- 
tained the ratio K-~LL: K-LX::1.00:0.48, for Cs'*. 
Steffen et al.,!® using two isotopes of platinum, obtained 
average ratios of K-LL:K-LX:K-XY::1.00:0.86: 
0.025. Huber ef al.?* obtained the ratios K-LL: K-LX: 
K-XY::1.00:0.49:0.054 for silver and 1.00:0.44:0.056 
for cadmium.*38 
University Press, Cambridge, England, 1952), pp. 44-51, has a 
more complete and more accurate summary. However, the values 
of Harms quoted are not for wx as was pointed out by Backhurst, 
nor are those of Locher his preferred values. The summary in 
Section V attempts to rectify these and other minor errors and 
has a few additional references, some old and some published 
since 1950. 

21M. Ference, Phys. Rev. 51, 727 (1937). 

27. Bergstrom and S. Thulin, Phys. Rev. 79, 539 (1950). 

23. Huber et al., Helv. Phys. Acta 25, 3 (1952). 

23a Note added during publication: We had previously overlooked 
the work of Ellis and Flammersfeld (see references in Section V), 
who have measured the relative intensities of several of the lines 


III]. EXPERIMENTAL PROCEDURE 


A. The Magnetic Lens Spectrometer 

The lens spectrometer used in this work was designed 
for medium resolution and accurate relative intensities 
over a wide range of energies. A cross section of the 
vacuum chamber and coils is shown in Fig. 1, from which 
the many conventional details can be inferred. The 
chamber is unusual in that it is a machined aluminum 
cylinder (0.d. 10} in, i.d. 93 in.) with no welds whatever. 
The vacuum line is connected by an aluminum tube 
with a tapered pipe thread. Immediately before being 
screwed to a binding tightness both threads were 
painted with glyptal** lacquer. The end plates are each 
bolted to an aluminum collar, which fits snugly on the 
tube and is held fixed against a split ring which fits into 
a groove machined into the aluminum tube and projects 
1 in. above the surface of the tube. 

The accuracy of intensity measurements is insured 
by the absence of any iron without four feet of the 
spectrometer, by coils which compensate for the earth’s 
magnetic field to better than 0.1 percent,?® by main- 
tenance of a vacuum of 10°° mm of mercury or better, 
and by the use of counter window thicknesses down to 
10 we cm~*. Both Nylon and collodion windows sup- 
ported by Lectromesh* have been used. 

A gas flow (} argon and § ethylene) is continuously 
maintained through the counter at 4- to 6-cm pressure. 
It has been verified that at 6-cm pressure the counting 
rate is independent of electron energy up to 1.7 Mev. 
The counter voltage is adjusted to keep constant the 
pulse height as observed in an oscilloscope. It was found 
by observation of a constant strength source that this 
procedure maintained constant counter sensitivity 
even though, because of aging or change in gas pressure, 
the operating voltage varied as much as 10 percent. 
for Bi (Z2=83) using 180° magnetic spectrometers. From Ellis 
this A-LX to K-LL ratio is greater than 0.4 and from Flammers 
feld it is at least 0.57. 

41201 Glyptal lacquer, made by the General Electric Company 

26S. K. Haynes and J. W. Wedding, Rev. Sci. Instr. 22, 97 (1951). 

*6 Lektromesh, C. O. Jelliff Manufacturing Company, South 
port, Connecticut. 
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Fic. 2. Fermi-Kurie plot of the spectrum of the Cs"? source after 
subtraction of the 1.2-Mev beta-ray. 


Each of the lens coils contains 1250 turns of 0.050 
0.150 in. double Formex wire wound between sides 
composed of } in. square copper tubing. A layer of 
tubing is also imbedded in the middle of each coil. Each 
coil is mounted on the main spectrometer tube by six 
adjustable screws. After the best possible visual align- 
ment has been achieved, final adjustment is made with 
a low energy electron beam traversing the spectrometer 
without baffles. The compensating coil current is first 
adjusted so that the electron beam position is inde- 
pendent of beam energy.”® Each lens coil is then 


adjusted individually until, as its current is varied, foci 
of all orders fall at the center of a fluorescent screen 


which replaces the counter. 

The source of current for the lens coils is a 250-v, 
6-kw de generator controlled by an amplidyne. The 
input to the amplidyne is the amplified error signal 
between the desired current as set up on a type K 
potentiometer and the actual current as represented 
by the potential difference across a standard resistor. 
Negative feedback in the amplifier and a large LC 
filter keep current fluctuations of all frequencies to 0.1 
percent or less. 

The method of calculation of the electron trajectories 
from a point source in this spectrometer and the 
method of calculation of the ring baffle positions have 
already been described.” The theoretical resolution for 
a point source and a transmission (acceptance angle/47) 
of 0.015 is Ap/p=0.017. In practice a resolution of 
0.024 was obtained for the 3-mm diameter source of 
Au'®’ reported below. The run on In"* was made with 
different source diameter, coil geometry, and_ baffle 
arrangement, and the run on Cs!” with a different 
baffle arrangement which resulted in poorer resolution 
for these runs. Under optimum conditions the resolution 
for a source 6 to 8 mm in diameter is 0.030 for a trans- 
mission of 0.015. 


27 J. F. Perkins and A. W. Solbrig, Jr., Rev. Sci. Instr. 22, 173 
(1951). 
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B. Source Preparation 


In order to measure intensities of electrons with 
energies between 20 and 80 kev one must have very 
thin uniform sources mounted on very thin backings. 
Vacuum distillation and electroplating are probably 
the only methods capable of giving sufficient uniformity. 
The former method was used for Cs! and Au! and 
could have been used for Sn''* if sufficient activity had 
been available. The Sn"* source was electroplated in 
order to conserve material. 

The vacuum distillation chamber consists of a brass 
base covered with a “bell jar’ about five inches high 
made from two-inch glass tubing. A jg-inch rubber 
gasket with vacuum grease provides the seal between 
the base and the glass. Atmospheric pressure is suf- 
ficient to provide a good seal. The radioactive material 
is placed on a tantalum strip filament 0.001 0.050 in., 
which is supported by the filament leads through the 
base. The source film holder is mounted and centered 
0.020 in. behind a radiation shield which is } in. above 
the center of the filament. The source backing for the 
cesium and gold was of Formvar of thickness approxi- 
mately 75 wg cm~? made conducting by a thin coat of 
evaporated aluminum. 

For the cesium source a few drops of cesium chloride 
solution were dried on the filament. After evacuation 
the filament was heated to approximately 1000°C for 
one minute; the resulting source had an average thick- 
ness of 7 ug cm~? and a diameter of 3 mm. In the case 
of the gold source the strip of gold foil received from 
Oak Ridge was simply laid on the filament and after 
evacuation heated to about 1400°C for one minute. 
The resulting source had a thickness of about 20 yg 
cm~ and a diameter of 3 mm. The uniform density of 
autoradiographs and the lack of low energy tails on the 
lines in the spectrometer indicated, respectively, that 
the sources were uniform and thin. 

The tin, enriched in Sn!” prior to irradiation,?? was 
received in the form of 1 mg of SnO». It was reduced to 
metallic tin by being heated to approximately 1000°C 
in hydrogen gas. The metallic tin was dissolved in a 
hydrochloric acid plating solution by a_ procedure 
outlined by Sand.?* A Formvar film of thickness less 
than 10 ug cm™ coated with about 75 wg cm of 
evaporated copper was mounted on an aluminum ring 
1 in. in diameter. A piece of platinum gauze was placed 
so that a flat circular section about 0.5 cm in diameter 
was held } in. above the film. After a positive potential 
of 1.12 volts with respect to the film had been applied, 
one to three drops of plating solution were dropped 
through the gauze so that they formed by surface ten- 
sion a roughly cylindrical plating cell. The voltage was 
immediately raised to 1.9 volts. Plating continued for 


28 We are indebted to Dr. G. E. Boyd of Oak Ridge National 
Laboratory for the sample of Sn! used. 

29H. J. S. Sand, Gravimetric Electrolytic Analysis (Blackie and 
Son, Ltd, London and Glasgow, 1940), p. 72 (description of the 
method of A. C. Penney). 
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about 8 min at 1.5 ma. A uniform source of Sn!’ having 
a thickness of much less than 0.1 mg cm~? was plated 
out. The solution was neutralized with hydrazine 
hydroxide before the potential was disconnected. The 
source was washed by twenty additions and removals of 
two or three drops of distilled water. It should be em- 
phasized that the potential must never be completely 
removed from the cell as long as the solution is acid. The 
acid solution demolishes the copper film rapidly and 
also tends to redissolve the tin already plated. 


IV. EXPERIMENTAL RESULTS 
A. Cs'*7—Ba'*? 


The observations made were the time 
required to accumulate a pre-set number of counts for 
different settings of the lens-coil current. The current 
was varied in steps of 0.2 percent in the region of the 
Auger and conversion electron lines, and in steps of 0.5 
to 1.0 percent over the continuous spectrum. Fight runs 
were made across the desired current range alternately 
in the direction of increasing and decreasing current. A 
total of 3200 or more counts were obtained at each 
current setting. The current stability and counter sensi- 
tivity were checked at intervals by observation of the 
position and height of the A conversion line of the 
661-kev gamma-ray. 

The region below 320 kev was studied with a Nylon 
window of thickness approximately 18 wg cm, 
mounted on Lektromesh. The low energy region was 
rerun with a 12 ug cm? Nylon window. This window 
gave the same counting rate as the 18 wg cm~? window 
down to 15 kev. This indicates that the thicker window 
transmits completely above 15 kev. A 1.2-mg cm™ 
Dacron window was used to study the region above 
100 kev. Between 170 and 300 kev the ratio of the 
counting rates with the two windows was constant. 
This ratio gives the relative transmission of the two 
windows. The energy calibration was based on the K 
conversion line of the 661-kev*’ gamma-ray of the 
cesium. In analysis of the Cs— Ba data a Fermi plot of 
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Fic. 3. K and L conversion lines of the 0.661-Mev 
gamma-ray of Cs™?, 


30 L. M. Langer and R. D. Moffat, Phys. Rev. 78, 74 (1950). 
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Fic. 4. Auger electrons of Ba from the Cs"? source. 


the 1200-kev beta-group was made. This plot confirms 
the classification of this transition as second forbidden,® 
with spin change of 2, no parity change, and tensor 
interaction. By extrapolation of the straight line Fermi 
plot to low energy, this beta-group was subtracted from 
the 512-kev beta-group and the electron lines. Figure 
2, a Fermi plot of the latter spectrum with the forbidden 
factor Cyr=(Wo—-W)?+A(Z, W)(W?—1),” gives a 
good straight line above 100 kev. The upward deviation 
below 100 kev is believed to be due to the inaccuracy 
for the forbidden factor** for small momenta and to 
the presence of the 90-kev beta-group of Cs'**. Since 
the Fermi plot was not a straight line in the region of 
the Auger electron lines, the continuous spectrum 
beneath these lines was obtained by a smooth joining 
of the continuous spectrum on each side of the lines. 
Figures 3 and 4 show the conversion lines and Auger 
lines as counting-rate-per-unit-momentum interval 
versus momentum. The vertical lines above the Auger 
peaks mark the energy of the Auger electrons as calcu- 
lated from x-ray spectra data given by Siegbahn.** For 
these calculations the energy levels of barium were used 
except for the level of the ejected electron. For this 
level, the value for the next higher atomic number 
element was used in order to approximate the doubly 
ionized state. The area beneath the curves is propor- 
tional to the intensity of the electrons producing the 
lines. The K to L-M conversion ratio of 4.64 measured 
by Graves et al.*° was used to obtain the K conversion 
intensity from the measured total conversion intensity. 
The A Auger yield is the ratio of the K Auger electron 
intensity to the A conversion electron intensity. For 
barium this was found to be ac¢=0.130+0.007. The 
ratios of the three A Auger lines were found to be 
K-LL: K-LX:K-XY::1.00:0.40+0.04: 0.08+0.02. 
The probable errors given for the above values were 
obtained from a consideration of the statistical errors 


3}... M. Langer and R. D. Moffat, Phys. Rev. 82, 635 (1951). 

# J. P. Davison, Phys. Rev. 82, 48 (1951). 

3M. E. Rose, of the Oak Ridge National Laboratory, is now 
calculating these factors accurately. 

“4M. Siegbahn, Spektroskopie der 
Springer, Berlin, 1931), p. 346. 

8 Graves, Langer, and Moffat, Phys. Rev. 88, 169 (1952). 
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Fic. 5. Fermi-Kurie plot of the spectrum of the Au! source. 


of the individual points and what was believed to be 
the upper and lower limits for the position of the curves 
of the continuous spectrum beneath the lines. 


B. Au'®5 Hg'** 


The data for the gold source were taken and analyzed 
in manner similar to that used for the cesium. The same 
1.3 mg cm~? Dacron window was used for the gold as 
for the cesium, but the thin window was made of col- 
lodion and was approximately 20 wg cm~*. The K con- 
version line of the 411.2-kev gamma-ray® was used for 
calibration. 

An allowed Fermi plot of the data taken with the 
thicker window is shown in Fig. 5. The deviation of the 
plot from linearity for energies below that of the K con- 
version line clearly shows the presence of low energy 
beta-groups. Figure 6 is a graph of the spectrum (taken 
with the thin window) in the region of the Auger lines 
after the 960-kev beta-group has been subtracted by 
extrapolation of the straight line Fermi plot. The lines 
marked A; and A, are the A Auger lines of mercury. 
The lines marked K», Le, and Ms are the K, 1, and M 
conversion lines of the 159-kev gamma-ray, and Kis the 
K conversion line of the 209-kev gamma-ray of Au!®’. 
The unmarked lines were unidentified. All attempts to 
identify these with known conversion lines of any im- 
purity were unsuccessful. The presence of the Au! con- 
version lines and their known intensities™ were used to 
help fix the position of the continuous spectrum beneath 
the Auger electron lines. In the calculation of the K 
Auger yield, it was assumed that all of the K shell va- 
cancies resulted from A conversion of the 159-, 209-, and 
411-kev gamma-rays. The intensity of the K-X Y Auger 
line relative to that of the A-LZ line was assumed to be 
that calculated by Pincherle.‘ This resulted ina K Auger 
yield of ax=0.054+0.008. The ratio of intensities of 
the two observed Auger lines was A-LL: K-LX: : 1.00: 
0.71+0.15. The percentage error is considerably greater 
for this measurement than for the barium Auger 
measurement. This is principally due to the fact that 
the continuous spectrum intensity is much larger in 


36 DuMond, Lind, and Watson, Phys. Rev. 73, 1392 (1948). 
47 P, M. Sherk and R. D. Hill, Phys. Rev. 83, 1099 (1951). 
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comparison with the Auger electron intensity than in 
the case of the barium measurements. If the unidentified 
lines were all K-conversion lines that contribute to the 
observed Auger electron peaks. the computed Auger 
yiel! would be reduced by three percent. 

If K capture transitions occur in gold, they must give 
rise to platinum Auger electrons which would be ap- 
proximately eight percent lower in energy than the 
mercury Auger electrons. It was estimated that if K 
capture transitions were 0.5 percent of the disintegra- 
tions, the presence of the platinum Auger electrons 
could have been detected. 


C. Sn'*—In"8 


In the work with the Sn''* source the region from 
0.55 amp to 11.0 amp was covered by 400-count meas- 
urements in steps of 1 percent variation. Steps of 4 
percent were used from 11.0 to 13.0 amp. On the peaks 
the number of counts per point was changed to 1000 
and for the highest peaks to 3000, while the size of the 
current variations was reduced to about 0.3 percent. 
The region below the Auger peaks was covered four 
times; the Auger peaks nine times; the region between 
the Auger peaks and the conversion peaks twice; the 
conversion peaks eight times; the region above the con- 
version peaks twice. These data were taken with a 
four-layer (36-ug cm~*) Nylon window. Figures 7 and 8 
show the Auger peaks and conversion peaks, respec- 
tively. In order to guarantee that this window trans- 
mitted substantially all of the 20-kev Auger electrons, 
the Auger and conversion electron peaks were re-run 
with a window of only two layers (18 wg cm~*) made 
at the same time as the four-layer window and with 
essentially identical layers. The 20-kev A-LL Auger 
peak was increased 3.8 percent by use of the thinner 
window. The cutoff of the thin window was below 3 kev, 
as is evidenced by the detection of a weak 1 Auger peak 
at 3.1 kev. 

The 624-kev conversion line of Cs!” was used for 
energy calibration. Because of the poor resolution and a 
slight drift at the current necessary for the Cs'® line, 
the energies are not accurate to better than one percent. 
Within this error the A conversion line energy agrees 
with previous measurements, and the A Auger line 
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Fic. 6. The low energy portion of the spectrum of the Au! source 
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energies agree with those calculated from x-ray measure- 
ments. A search was made for conversion lines of the 
85-kev gamma-ray previously reported.** No conversion 
lines of intensity greater than one percent of the 360-kev 
line were found. 

The experimental ratio of the A Auger intensity to 
the total conversion intensity (Figs. 7 and 8) is 0.54. 
In a previous report®® a correction of 5 percent for 
window transmission was added. The work on 
Cs'**— Ba!” reported above indicates that in all prob- 
ability the 18 wg cm~?* window transmits all electrons 
of 20 kev. A 4 percent correction for transmission of 
the conversion lines through the Lektromesh gives a 
final figure of 0.56+0.03 for the ratio of A Auger inten- 
sity to conversion line intensity.*° 

The ratios of K-LL to K-LX to AK-XY Auger elec- 
trons can be very accurately determined from Fig. 7 
because the lines are fairly well resolved, and there is 
no beta-ray background as in the case of Ba!” and 
Hg'"’. The ratios are A-LL: K-LX: K-XY: :1.00:0.417 
+0.016:0.076+0.008. 


V. INTERPRETATION AND SUMMARY 
A. K Fluorescence Yield and K Auger Yield 


In studying the available theory and experimental 
results on A fluorescence and A Auger yield, one finds? 
that for elements of low atomic number wxe<1 and 
ax~1 and for elements of high atomic number wx ~ 1 
and ax<1. Thus, it would seem that direct A Auger 
yield measurements would be more accurate than K 
Auger yields obtained from fluorescence yield measure- 
ments for elements of atomic number greater than 40 
since ax>0.5 for these elements. Measurements of wx 
based on x-ray intensities greatly outnumber the 
measurements of ax based on electron intensities, but 
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38S. W. Barnes, Phys. Rev. 56, 414 (1939). 

39 Thomas, Haynes, Broyles, and Thomas, Phys. Rev. 82, 961 
(1951). 

This figure replaces that previously reported in reference 39. 
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Fic. 8. Auger lines of In from the Sn" source. 


the former are confined principally to the elements 
with atomic number less than 50. The few cloud-chamber 
and photographic plate measurements of double elec- 
tron tracks have been distributed over the whole atomic 
table and, in general, give values of wx smaller than 
those obtained by other methods. Magnetic spectrom- 
eter measurements have been made only for elements 
with atomic number greater than 46. 

In the present summary of the experimental results, 
the values are reported as we=1—ax. Table IT lists 
the numerical values followed by a lower case letter 
referring to the list of workers who obtained these 
values. This list gives the reference to the work and an 
indication of how the measurements were made. Figure 
9 is a graph of these values. It appears that the 
CZ‘/(a+Z") relation does not give a very good fit to 
these data, and that the proper analytical expression for 
the curve should probably involve an additional term 
or terms to include screening and relativistic effects. 
A least-squares fit to all these data would require a 
very thorough study of all the methods used, so that 
proper weights might be assigned the different values. 
The present authors have not attempted to carry out 
such a curve-fitting process, but have drawn an esti- 
mated curve that takes into consideration, in a rough 
way, what knowledge they have of the reliability of the 
various values. It is believed that the magnetic spec- 
trometer measurements are the most accurate for the 
region in which they have been made. 

In addition to the values of Auger yield, there are 
sufficient experimental measurements of the A-LX to 
K-LL Auger electron intensity ratios to indicate roughly 
the variation of this ratio with atomic number. Besides 
the ratios for indium, barium, and mercury reported 
in this paper, several measurements by other workers 
were mentioned in Sec. II. Figure 10 is a plot of these 
K-LX to K-LL ratios against atomic number. It is seen 
that this ratio increases with increasing atomic number, 
and for high atomic number is approximately that 
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TABLE II. Summary of fluorescence yield measurements. 


Atomic 
number 


0.0009" 
0.0015" 
0.0022" 
0.0081" 


0.0823 

0.0833 

0.013! 
0.038! 
0.083! 
0.108! 
0.077° 
0.15! 
0.263! 
0.375° 


0.04" 
0.074 0.149) 
0.26" 0.26» 
0.378 


0.445° 
0.495° 
0.57° 


0.385* 
O.41t 
0.48¢ 


0 45« 
0.48" 
0.58* 


0.575¢ 
0.57» 
0.53% 


0.68" 
0.68" 
0.514 


0.56* 
0.67" 


0.69 
0.735¢ 
0.77* 


42 0.7859 0.97' 
45 0.8014 
46 0.8354 
47 O.838" 
48 0.846% 
Sn 50 0.8554 
Sb 51 0.8624 
Te 52 0.8724 
I 53 0.88" 
Xe 54 0.708 
Cs 55 0.8907 
Ba 56 0.9008 
Pr 59 Q.884d 
Pt 78 0.942* 
Hg 80 0.94.68 
Pb 8&2 O.89° 
Bi 83 0.934" 
Po 84 0.894 


O.81" O.88* 


0.79 
0.81¢ 


0.78° ().8 16> 


0.87 (0s 


0.976" 


®W. Kossel, Z. Physik 19, 333 (1923); x-ray intensity, ionization cham 
ber, corrected for K jump by Broyles, Thomas, and Haynes 

b> W. Bothe, Physik. Z. 26, 40 (1925); x-ray intensity, ionization chamber, 
from the results of Barkla and Thomas, corrected for K jump by Broyles, 
Thomas, and Haynes 

eW, Bothe, Z. Physik 37, 547 (1926); x-ray intensity. 

4P. Auger, Ann. phys. 6, 183 (1926); electrons, cloud chamber 

eM. Balderston, Phys. Rey. 27, 676 (1926); x-ray intensity, ionization 
chamber, wx as calculated by Backhurst 

{ 1. Harms, Ann. Physik 82, 87 (1927); x-ray intensity, ionization 
chamber, wx as calculated by Backhurst with minor corrections of Comp 
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eL. H. Martin, Proc, Roy. Soc. 
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dL. Martin, Proc. Roy. Soc. (London) A115, 420 (1927); deduced 
from Barkla and Philpot, Phil. Mag. 25, 849 (1923) and Beatty, Proc. Roy. 
Soc. A85, 329 (1911), x-ray, ion chamber, change of ionization K edge 

iA. H. Compton, Phil. Mag. 8, 961 (1929); x-ray intensity, ionization 
chamber. 

G. L. Locher, Phys. Rev. 40, 484 (1932); electrons, cloud chamber 

preferred values of Locher which seem also pre ferred in (1952), 

kW. Stockmeyer, Ann. Physik 12, 71 (1932); x-ray intensity, 
ionization chamber, AK edge. 

1M. Haas, Ann. Physik 16, 473 (1933); x-ray intensity, ionization cham 
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m>D., K. 
chamber. 

oH. Lay, Z. Physik 91, 533 (1934); 
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Pk. Arends, Ann. Physik 22, 281 
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rFW. Crone, Ann. 
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(1935); x-ray intensity, ionization 


Mag. 22, 737 (1936); x-ray intensity, ionization 


Physik 27, 405 (1936); x-ray intensity, ionization 
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*L. H. Martin and F. H. Eggleston, Proc. Roy. Soc. (London) A158, 46 
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tR. J. Stephenson, Phys. Rev. 51, 637 (1937 
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; X ray intensity, tonization 
Kurbatoy, and Pool, Phys a 66, 209 (1944); 
isotope, ionization chamber, window absorption 

vB. B. Kinsey, Can. J. Research A26 21 1948 
Roy. Soc. A139, 336 (1933); magnetic spectrum 

~ B. B. Kinsey, Can. J. Research A26, 421 (1948); 
Z. Physik 114, 227 (1939); magnetic spectrometer 

® Steffen, Huber, and Humbel, Helv. Phys. Acta 22, 167 
sion electrons, magnetic spectrometer 

y Curran, Angus, and Cockroft (1949) value given by E. H. S. Burhop, 
The Auger Effect and Other Raditationless Transitions (Cambridge Univer 
sity Press, Cambridge, England, 1952), p. 28; proportional counter spec 
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8]. Bergstrom 
electrons, magnetic spectrometer 

a 1., S. Germain, — Rev. 80, 937 (1950); 
isotope, photographic pla 
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I Dexter and W. W. Beeman, Phys. Rev. 81, 456 

x-ray absorption line. 

14. Kondaiah, Phys. Rey. 83, 471 (1951 
netic spectrometer 

ee H. M. Neuman, and I. Perlman, Phys. Rev. 81, 958 (1951); deduced 
from Auger and conversion line intensities in magnetic spectrometer given 
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These transitions would probably increase the value to more than 0.95, 

{f Huber, Humbel, Schneider, Shalit, Helv. Phys. Acta 25, 3 (1952); 
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K AUGER INTENSITIES 


obtained from Pincherle’st Auger transition prob- 


abilities. 


B. Discussion of Sn!'!*—In!!* 


The summary of fluorescence yieles given above 
indicates that the Auger yield of indium is appreciably 
less than the 0.20 lower limit assumed in a preliminary 
report of the work on Sn'!’.“° The conclusions reached 
there concerning the energy of the orbital capture 
transition to the 391.7-kev® state of In", concerning 
the parity of Sn'!’, and concerning the impossibility of 
another transition preceding the 391.7-kev transition, 
are therefore unjustified. Cork“ has since reported 
weak conversion lines which were assigned to gamma- 
rays of 255.2 kev and 400.9 kev. The data reported in 
Sec. IV indicate that conversion lines of the former 
must have an intensity of less than 1 percent of the 
conversion lines of the 391.7-kev gamma-ray. Conver- 
sion lines of the latter if present would not have been 
resolved from those of the 391.7-kev gamma-ray. That 
the 400.9-kev conversion lines are extremely weak com- 
pared to the 391.7-kev lines is indicated by the failure 
of Cork ef al." to observe the LZ line of the former 
whereas the M line of the latter was detected. Absorp- 
tion curves, in addition to indicating the absence of 
&5-kev*®> gamma-radiation, indicate that the 255-kev 
radiation, if present, is probably an order of magnitude 
weaker than the 391.7-kev radiation.**** That the 
intensity of the 400.9-kev gamma-radiation cannot be 
more than about 5 to 10 percent of that of the 391.7-kev 
gamma-ray is indicated by the close check between the 
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Fic. 10. Graphical summary of the ratio of A-LX to K-LL 
transitions as a function of atomic number as measured by various 
observers. 


K conversion coetiicient (0.445) of the latter gamma-ray 
obtained from the measurements of Cook and Haynes® 
and Graves, Langer, and Moffat®® and the theoretical 
value for M4 radiation (0.47) computed by Rose ef al." 
Whether the weak transitions, if present, precede the 
391.7-kev transition or are an alternative mode of 
disintegration is uncertain. 

To illustrate the significance of the measured ratio 
of K Auger electrons to total conversion electrons, the 
decay scheme may be assumed to consist of a fraction 
p of the disintegrations through the 391.7-kev state 
and a fraction g of the disintegrations to the ground 
state through other levels but not through the 391.7-kev 
state. The ratio R of A Auger electrons to total con- 
version electrons is given by 


R=R,+ak(q/p)(1+a)/a(1+ ,), (4a) 
where 


R,= (dx af (1 + a)/(14 Ay) tak |, (4b) 


and \, and , represent the ratio of L to K capture of 
the two branches, a and ax represent, respectively, the 
conversion and A conversion coefficient of the 391.7-kev 
transition (other conversion lines have been neglected 
as negligible), and ax represents the Auger yield of 
indium. R, is the value if all transitions go through the 
391.7-kev state. 

The value of ag=0.47+0.01 is taken from Rose 
et al.*® for M4 radiation. The value of a=0.58+-0.01 is 
computed from ax with the help of the value of 
4.21 of Graves et al.** From the fluorescence 
0.165+0.01. With these values, the 
measured value of R, and by use of first-order error 


QK/ AL4M 
yield curve ax= 


® TB. Cook, Jr., and S. K. Haynes, Phys. Rev. 86, 190 (1952). 
® Rose, Goertzel, Spinrad, Harr, and Strong, Phys. Rev. 83, 79 
(1951). 





724 BROYLES, 
theory one obtains A,=0.08+0.09 for R=R,, and 
p= 0.18+-0.09 if 10 percent of the transitions go by an 
alternative route. The error is almost entirely due to the 
error in Auger yield. This fact indicates the great need 
for still more accurate knowledge of the value of ax 
as a function of Z. It is clear, however, that if in 30 
percent or more of the transitions of some radio-nuclide 
an L electron were captured (A,>0.5), the method 
outlined here would make possible a fairly accurate 
determination of the amount of ZL capture even with 
the present uncertainty in the value of ax. An estimate 
of the disintegration energy could then be made by use 
of the results of Rose and Jackson*t and Marshak*® as 
previously indicated.** 

“M. E. Rose and J. L. Jackson, Phys. Rev. 76, 1540 (1949). 

“© R. Ek. Marshak, Phys. Rev. 61, 446 (1942). 
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Neutron Energy Distribution from the Proton Bombardment of Li, Be, and C at 375 Mev* 


WARREN F. GoopeL, JR., Howard H. Loar, Ricnarp P, DuRBIN, AND WILLIAM W. Havens, JR 
Columbia University, New York, New York 
(Received October 31, 1952) 


High energy neutrons were produced by bombarding lithium, beryllium, and carbon targets with protons 
having a maximum energy of 375 Mev. The energy spectrum of the neutrons emitted in the forward direction 
was measured by determining the range spectrum of recoil protons scattered at 45° by a polyethylene scat 
terer. A telescope of stilbene crystals with copper range-determining absorbers was used as a detector. The 
neutron beam was monitored by a bismuth fission ionization chamber. For elements studied, the width of 
the neutron energy distribution broadens and the energy of the peak of the distribution decreases as the 


atomic number of the target material increases. 


I. INTRODUCTION 

N investigation! was made of the energy spectra of 

neutrons emitted in the forward direction when 
several light elements were bombarded by 375-Mev 
protons. Targets of lithium, beryllium, and carbon were 
exposed to the internal proton beam of the Columbia 
University Nevis cyclotron. The energy of the protons 
was determined from the value of the magnetic field and 
the radial position of the target. The neutrons produced 
scattered protons in a polyethylene block. The range in 
copper of the scattered protons was determined, using 
a scintillation counter telescope. The energy distribution 
of the neutrons was then inferred from this proton- 
range spectrum. 


II. DESCRIPTION OF THE EXPERIMENT 


A diagram of the experimental arrangement is given 
in Fig. 1. The targets were placed inside the vacuum 
tank of the cyclotron in such a position that the neu- 
trons emitted in the forward direction passed through 

* This research was supported by the joint program of the Office 
of Naval Research and the Atomic Energy Commission. 


! A preliminary report of this work was given by Goodell, Loar, 
and Durbin, Phys. Rev. 83, 234 (1951). 


collimating holes in the concrete shielding surrounding 
the cyclotron. The targets were rectangular slabs held 
by a clamp. All parts of the clamp were at least 2 in. 
from the leading edge of the target, so the clamp would 
not contribute to the neutron flux. The target thick- 
nesses were 2 in. for lithium, 1} in. for beryllium, and 
1} in. for carbon. The thicknesses of the beryllium 
and carbon targets were adjusted to give the same 
multiple scattering of protons, and hence to give roughly 
the same number of multiple traversals of the proton 
beam in the two targets. The targets were of sufficient 
height to intercept a major fraction of the internal 
beam of the cyclotron. 

The neutron beam passed through a ? 
window and was collimated by a steel tube 4 in. in 
diameter and 6 in. long, which was imbedded in the 
lead and concrete shielding of the cyclotron. Two addi- 
tional blocks of concrete were added to give better 
shielding to the counters. The neutrons were scattered 
alternately by carbon and polyethylene scatterers 
placed in the beam. The scatterers were 4 in. square, and 
had a thickness of 2.13 g/cm? for the carbon, and 2.38 
g/cm? for the polyethylene. The thicknesses were 


in. Plexiglas 





NEUTRON 


adjusted to give the same number of carbon atoms in 
each scatterer. The recoil protons from the hydrogen in 
the polyethylene were detected by a triple coincidence 
scintillation counter telescope at an angle of 45° from 
the incident neutron beam, and the range spectrum of 
the protons was determined by copper absorbers. 
Stilbene crystals approximately 2 in. in diameter were 
viewed by two 1P21 photomultipliers in paralle) per 
crystal. The details of the crystals are given in Table I. 

A block diagram of the electronic equipment is 
shown in Fig. 2. The signals from the counters were 
fed to bridge-type coincidence circuits similar to those 
used by Neher’ at Berkeley with a resolving time of 
approximately 10~? second. The outputs of the bridges 
were connected to an Atomic Instrument 501 Coin- 
cidence Analyzer after amplification. An additional 
signal from the third crystal, passed through an ampli- 
fier with a rise time of about 0.04 microsecond, was 
then discriminated in amplitude to allow the recording 
of only those protons passing through the telescope and 
losing more than a given amount of energy in the last 
crystal. 

The particles recorded corresponded to protons 
having a range between R,; and R» before striking the 


TABLE I. Crystal details. 


Position Diameter (in.) g/cm? 


1.068 
0.932 
0.957 


back 
middle 
front 


copper absorber. Both R, and R» were changed by 
inserting different lengths of absorbers. The absorbers 
were 2}-in. diameter cylinders of varying lengths and 
were placed as close as possible to the last crystal to 
minimize scattering losses in the absorber. By changing 
the absorbers, a range spectrum of the scattered protons 
was obtained, from which the energy distribution of the 
incident neutrons was calculated. 

The beam was monitored by a bismuth fission ioniza- 
tion chamber similar to those used by Wiegand.’ For 
beryllium, typical counting rates were 300 monitor 
counts per minute, 100 coincidence counts per minute 
from polyethylene, 30 coincidence counts per minute 
from true recoil protons, and 1600 counts per minute 
in the third crystal alone. 


III. TESTS OF EQUIPMENT 


The plateaus of the counters were set with the help 
of a 240-Mev scattered proton beam from the cyclotron. 
After the initial adjustments, frequent check points 
were taken to insure that the operating characteristics 
of the system had not changed. Background runs with 
no scatterer indicated that the background was about 


2L. F. Wouters, Nucleonics 10, No. 8, 51 (1952) 
*C. Wiegand, Rev. Sci. Instr. 19, 790 (1948). 
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Fic. 1. Experimental arrangement. 


3 or 4 percent of the true coincidence rate. Crystals were 
moved out of line to determine the accidental coin- 
cidence rate, different thicknesses of scatterers were 
tried to check the linearity of the system, and the 
angular resolution of the system was varied by changing 
the positions of the crystals. No spurious effects were 
noted in any of these tests. Measurements with a col- 
limated beta-source indicated that the response of the 
third crystal to a given energy particle was constant to 
within 15 percent over the face of the crystal. This pro- 
portionality was necessary for the differential range 
type of measurement used. 


IV. FACTORS DISTORTING ENERGY DISTRIBUTIONS 


Certain factors contributed to the distortion of the 
neutron energy spectrum observed. The neutrons were 
absorbed to a slight extent in the target, in the Plexiglas 
window of the vacuum chamber, and in the poly- 
ethylene scatterer. Order of magnitude calculations 
showed that this absorption was negligible in com- 
parison to other errors in the experiment, and in any 
case was approximately the same for all the spectra 
measured. 

The major distortions were introduced by the inter- 
actions of the scattered protons in the scatterer and the 
absorbers. The energy loss in the scatterers was calcu- 
lated using the curves of Aron.’ Since the scatterers 
had been adjusted to contain the same number of 
carbon atoms, the stopping powers were somewhat dif- 
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Fic, 2. Electronic equipment block diagram 


* Aron, Hoffman, and Williams, Atomic Energy Commission 


Report AECU 663 (UCRL 121) (unpublished). 
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ferent, and this introduced a small error in the deter- 
mination of the number of protons in a given energy 
range. 

The Coulomb scattering in the absorber was esti- 
mated by considering the absorber to be made up of a 
series of short pieces and calculating the mean scat- 
tering angle and scattering losses due to each section. 
Due to the particular geometry used, and the differ- 
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Fic. 4. Neutron energy distribution—lithium. 

ential range method of measurement, the Coulomb- 
scattering losses were roughly constant with proton 
energy, and equal to about 8 percent. 

The nuclear cross section for protons in copper was 
assumed to be the same as that found by DeJuren® for 
neutrons of the same energy, as no other data were 
available. Half of this cross section was assumed to be 
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Fic. 5. Neutron energy distribution—beryllium. 


. DeJuren and B. J. Moyer, Phys. Rev. 81, 919 (1951). 
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due to elastic nuclear scattering, and half to absorption 
or inelastic scattering, as was found for protons.® Using 
the cross section and the distribution curves of Bratenahl 
et al.,® the percentage of protons missing the last crystal, 
because of diffraction scattering, was found to be about 
3 percent. This varied with the energy of the detected 
protons, but since the absolute value was small the 
variation was neglected. The inelastic scattering was 
treated as an absorption of the protons with a cross 
section equal to half the total neutron cross section. The 
mean energy of the protons in each segment of the 
absorber was determined, and the absorption calculated 
for each segment. The fraction of protons which did not 
reach the last crystal because of absorption varied in 
approximately a linear manner with energy and had a 
maximum of about 30 percent. 

These effects were combined to give the over-all 
distortion. Some of the calculations could be con- 
siderably improved, but the angular resolution of the 
detecting telescope introduced enough distortion by 
itself to make such improvements of little value. 
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Fic. 6. Neutron energy distribution —carbon. 


V. CALCULATIONS 


To find the energy distribution of the neutron beam, 
different thicknesses of absorbers were placed between 
counters 2 and 3. For each thickness the normalized 
counting rate of coincidences between 1, 2, and all 
pulses in 3 greater than a certain size was obtained for 
the polyethylene and carbon scatterers. As the number 
of carbon atoms in the two scatterers was the same, a 
direct subtraction gave the number of counts due to 
recoil protons from hydrogen, the background counts 
automatically cancelling. The pulse-height discrimina- 
tion in the third counter required that the proton 
counted be within a certain residual range or energy, 
as the specific ionization had to reach a preset value for 
the proton to register a coincidence. This in turn 
required that the energy of the proton before passing 
though the absorber lie within a certain energy range. 
Data were taken simultaneously for two different 
resolution widths to check the consistency and accuracy 
of the method. These widths correspond roughly to 
40 and 60 Mev. 


® Bratenahl, Fernbach, Hildebrand, Leith, and Moyer, Phys. 
Rev. 77, 597 (1950), 





NEUTRON 


The number of protons per unit proton energy was 
obtained by dividing the number measured per energy 
interval by the energy width of the interval, and cor- 
recting for the scattering losses. The mean energy of 
the interval was calculated from the thickness of the 
copper absorber, taking into account the energy loss in 
the scatterer and the crystals. To convert to the neutron 
energy distribution it was necessary to know the energy 
variation of the neutron-proton differential cross section 
at 45°. This was not known accurately above 90-Mev 
neutron energy. However, data from the Berkeley 
results’:* were plotted as shown in Fig. 3, and a smooth 
curve drawn through the points. This was combined 
with the angular resolution of the counter system and 
relativistic kinematic corrections to obtain the relative 
flux of neutrons. 

The angle of 45° for the telescope was chosen as a 
compromise between distortions. The larger the angle, 
the smaller the energy of the scattered protons, and the 
less severe the scattering corrections in the absorbers 
especially the nuclear absorption. As the cross section 
for this absorption is not too well known, the final 
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Fic. 7. Neutron energy distributions—comparison. 

result should depend as little as possible upon it. The 
neutron-proton cross section is also the flattest around 
45°. However, the larger the angle, the greater the 
smearing of the angular resolution of the telescope. 


VI. RESULTS 


The results of the experimental runs for lithium, 
beryllium, and carbon are shown in Figs. 4, 5, 6, and 7, 
and the comparative results for beryllium at several 
energies are shown in Fig. 8. These include the spectra 
taken at Harvard,? Harwell," Rochester,'' Berkeley,” 
and the present work. 

7 Hadley, Kelley, Leith, Segré, Wiegand, and York, Phys. Rev. 
75, 351 (1949). 

® Kelly, Leith, Segré, and Wiegand, Phys. Rev. 79, 96 (1950). 

®T. Bodansky and N. F. Ramsey, Phys. Rev. $2, 831 (1951). 

10 Cassels, Randle, Pickavance, and Taylor, Phil. Mag. 42, 215 
(1951). 


ENERGY 


DISTRIBUTION 


~ @ 2 ie 
oe = @ 


Fic. 8. Beryllium energy distributions for various 
proton energies. 


These curves have been compared with symmetrical 
bell-shaped curves modified by the effects of the various 
resolution widths and distortions, and the parameters 
for best fit are given in Table II. The carbon curve is 
quite definitely a broader and lower energy curve than 
the others. 

An order of magnitude comparison of the intensity 
of neutrons from the various targets was made, although 


TABLE II. Parameters for best fit of observed 
energy spectra to 1/(p?x*) curve. 
Beryllium Carbon 


Parameter Lithium 


305 Mev 280 Mev 
150 Mev 200 Mev 
1.6 oe 


Energy at peak 317 Mev 
Full width at half-amplitude 160 Mev 
Area under peak per nucleon 14 


no careful measurements were made of beam current. 
Multiple traversals of the proton beam were taken into 
account by calculating the mean scattering angle in the 
target, and assuming that the number of traversals was 
such that the same scattering angle was attained in 
each target.!? With these assumptions, the number of 
neutrons emitted per nucleon of the target was roughly 
constant. 

The general shapes of the spectra are seen to be in 
agreement with the data taken at lower energies. 

We wish to thank Professor EK. ‘T. Booth, Professor 
J. Steinberger, and Professor A. Sachs for helpful dis- 
cussions during the course of the work; the staff of the 
Nevis cyclotron, especially J. Spiro and the operating 
crew, for providing the neutrons; and Sue Goodell for 
many of the kinematic calculations. 


‘! Nelson, Guernsey, and Mott, Phys. Rev. 88, 1 (1952). 
2 (‘ladis, Hadley, and Hess, Phys. Rev. 86, 110 (1952). 
SW. J. Knox, Phys. Rev. 81, 687 (1951). 
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The Dynamical Theory of Nuclear Induction* 


R. K. WanGsNEsst AND F. BLocu 
Stanford University, Stanford, California 
(Received November 10, 1952) 


Starting from the microscopic viewpoint, the dynamics of nuclear induction is derived by means of 
statistical methods. The only essential lack of generality lies in the assumption that the nuclei in the sample 
are independent of each other, so that the treatment does not account for features arising from spin-spin 
interaction. By considering the simultaneous action of an arbitrary external field and of the molecular 
surroundings upon a representative nucleus a system of linear differential equations of the first order is 
derived for the “distribution matrix.” It is analogous to the classical Boltzmann equation for the distribution 
function and allows, upon integration, to determine the macroscopic average value of any spin function in 
its dependence upon time. This general result is particularly applied to the time dependence of the macro- 
scopic nuclear polarization, and the conditions are investigated under which it satisfies the phenomenological 
differential equation originally proposed by one of the authors (F.B.). Besides the fact that this equation 
does not describe line structures caused by the interaction of neighboring spins its validity is found to be 
seriously restricted only for nuclei having a spin larger than unity and in cases where, in addition, quadrupole 
relaxation is essential. It demands in these cases that the molecular surroundings are isotropic, e.g., as in 
gaseous and liquid samples, and further, that their characteristic frequencies of interaction with the nuclei 
are large compared to the Larmor frequency so that there exists equality between the longitudinal and the 


transverse relaxation time 


1. INTRODUCTION 


l* his original paper on nuclear induction! one of the 

authors has proposed the differential equation, 

jM,/T2—k(M,—M,)/T,, 
(1.1) 


dM /dt=y¥MxH—iM,/7y 


for the time dependence of the macroscopic nuclear 
polarization M(t) under the influence of an external 
field H(?). The vectors i, j, and k are here unit vectors 
in the x, y, and ¢ directions, respectively, and 


y=p/Th (E2) 


is the gyromagnetic ratio of the nuclei under con- 
sideration with magnetic moment u and spin J. It is 
further assumed that the external field has the form 


H(t) =ko+H,(0), (1.3) 


where //o is strong and constant while //, is relatively 
weak and an arbitrary function of the time ¢. Mo is the 
equilibrium polarization in the field Zo and the estab- 
lishment of thermal equilibrium is in Eq. (1.1) sum- 
marily described by two constants 7, and 72 in the 
following manner: Starting with an arbitrary magnitude 
and direction, the s component of M will, in the absence 
of the field H,, reach the value Mo with a time constant 
7, the “longitudinal” relaxation time, and the x and y 
components will vanish with a time constant 72, the 
“transverse” relaxation time. 

* This paper is based in part upon a thesis submitted by R. K. 
Wangsness to Stanford University in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy (November, 
1949). A brief report of this work was presented at the meeting 
of the American Physical Society in December, 1949 [Phys. Rev. 


78, 82 (1950) ] 

t AEC Predoctoral Fellow, July, 1948, to December, 1949. 
Present address: U. S. Naval Ordnance Laboratory, White Oak, 
Marvland 


1 F. Bloch, Phys. Rev. 70, 460 (1946) 


While the phenomenological Eq. (1.1) is certainly 
not rigorously valid under all circumstances, it has 
nevertheless been found experimentally to represent, 
in many cases, the proper qualitative or even quanti- 
tative description of the observed phenomena; nuclear 
and molecular data of considerable interest can in these 
cases be inferred from the shape and magnitude of the 
observed signals under varying conditions of the ex- 
ternal field. It seemed to us worth while, therefore, to 
develop a theory which starts from the microscopic 
viewpoint and derives the dynamics of nuclear induction 
by means of statistical methods. As an application of 
the considerably more general results, we shall deter- 
mine the special conditions under which the phenomeno- 
logical equations can be expected to be valid and where 
relaxation can be accordingly characterized by the two 
constants 7; and 7», without reference to particular 
mechanisms responsible for the greatly varying mag- 
nitude of these relaxation times. An excellent investiga- 
tion of such mechanisms in a variety of important 
cases has been previously carried out by Bloembergen.? 
His approach is, however, rather different from ours 
in so far as the molecular surroundings are described by 
random varying external fields rather than as a 
quantum-mechanical system interacting with the 
nucleus, and his treatment of the problem does not 
include the general dynamical case. 

The behavior of the polarization, due to a large 
number of identical nuclei in a macroscopic sample, is 
determined by the effect of the external field, of the 
molecular surroundings, and of neighboring nuclear 
moments upon the orientation of the magnetic moment 
of each nucleus. We shall here not attempt a perfectly 
general theory where all these features are treated 


2N. Bloembergen, Leiden thesis, 1948 (Schotanus and Gens, 
Utrecht). 
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rigorously but shall restrict ourselves to conditions, 
often experimentally realized, which lead to a relatively 
simple dynamical description. 

Our problem is greatly simplified by assuming that 
each nucleus under consideration reacts independently 
of the other nuclei in the sample to the external field 
and the molecular surroundings and that the latter can 
be considered as a heat reservoir in thermal equilibrium. 
In making this assumption, the magnetic moments of 
neighboring nuclei are taken into account only in so far 
as they form part of the heat reservoir. We thus 
restrict the scope of the present paper by excluding 
those cases in which the magnetic field acting upon a 
nucleus depends essentially upon the orientation of its 
neighbors so that they may not be considered as inde- 
pendent. There are many cases where this feature is of 
importance; it can, for example, lead to a complex line 
structure in crystals and polyatomic liquids which our 
simplified approach is inadequate to describe. This 
approach is, however, perfectly applicable in other 
cases which are likewise of practical importance; in 
particular, in gases and dilute liquid solutions the 
distance between the nuclei under consideration is 
frequently so large that their interaction can be safely 
neglected. Furthermore, the action of the molecular 
surroundings is here often deliberately and greatly in- 
creased by adding to the substance paramagnetic atoms 
or molecules to serve as catalysts for a rapid establish- 
ment of thermal equilibrium. To the extent to which the 
coupling of a nucleus to its surroundings is primarily 
determined by such catalysts its interaction with the 
magnetic moments of other nuclei is negligible and our 
assumption becomes justified. 

Treating the molecular surroundings of the nuclei as 
a general heat reservoir we shall derive, in analogy to 
the Boltzmann equation for the classical distribution 
function, a set of first-order linear differential equations 
for the ‘distribution matrix’; this matrix determines 
the average value of the nuclear polarization or of any 
other quantity which depends upon the orientation of 
the nuclear spins. 

The equations for the distribution matrix will be 
used to express the time derivative of the average value 
of an arbitrary spin function in terms of the average 
value of other spin functions. The resulting set of rela- 
tions is particularly convenient, in its general form, for 
finding the conditions under which it reduces to the 
phenomenological Eq. (1.1) for the components of 
the nuclear polarization itself. It will be shown that 
this reduction is automatic for nuclei with spin 3; 
depending upon the coupling to the molecular sur- 
roundings through the nuclear electric and magnetic 
moments, the reduction for higher values of the spin 
will be found to take place under certain special con- 
ditions which, however, have still a considerable range 
of practical applicability. 


OF NUCLEAR 


INDUCTION 
2. FORMULATION OF THE PROBLEM 


In a completely general theory it would be necessary 
to consider all the nuclei in interaction with each other 
and with the molecular system as the total system. 
Because of the simplifying assumptions, introduced in 
Sec. 1, it is, however, sufficient to treat only the com- 
bined system of one representative nucleus and its 
molecular surroundings. The macroscopic results for 
many identical and independent nuclei can then be 
obtained by statistical averages. 

The Hamiltonian of this system will be assumed to 
have the form 


H=hE+NF+ AG. (2.1) 


The first term represents the energy—(H-w) of the 


nucleus in the external field H. From Eq. (1.2), the 
magnetic moment w is related to the spin vector I 
through the relation w=/yI, and we have therefore 


(2.2) 


E=—y(H-D. 


The second and third terms in (2.1) represent the 
energies of the molecular surroundings and of their 
interaction with the nucleus, respectively. 

We choose a representation in which /,, the z com- 
ponent of the nuclear spin, is diagonal with its eigen- 
values given by the magnetic quantum number m= —/, 
—J+1,---, +/. The energy AF of the molecular sur- 
roundings will likewise be assumed to be diagonal and 
the eigenvalues of F will be denoted by a frequency /; 
acting as a heat reservoir, the molecular surroundings 
must be considered to have very many degrees of 
freedom so that its energy levels are not only prac- 
tically continuous but in general also highly degenerate. 
We shall therefore use another symbol s, which will 
specify one of the possibly many states with the same 
energy hf. 

The dynamical behavior of our system is then de- 
scribed by a set of probability amplitudes a,, ¢,,() or 
by the density matrix p, defined in Dirac’s notation by 


(m fs| p(t)| m’f’s’)=am,7,(bdmp.a*(0), (2.3) 
and satisfying the matrix equation 
dp/dt= —(i/h)[ %, p). 
With (2.1), this equation can also be written as 
dp/dt= —i[ E+ F+G, p], 


where the square bracket stands as usual for the com- 
mutator. The condition of normalization for the prob- 
ability amplitudes implies, according to (2.3), that the 
matrix p must be normalized so as to satisfy 


Tr{p(t)}=d-(mfs| p(t)| mfs)=1. 


mia 


(2.4) 


From a normalized solution p(t) of (2.4) the expectation 
value of any physical quantity Q, represented by the 
matrix (mfs Q) m'f’s’) is obtained in its time dependence 
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by the relation 


(O)(t)= Tr{Qp(t)}. (2.0) 


The right side of this equation represents the diagonal 
sum or “trace” of the matrix product Qp. 
With the form (1.3) for the external field we can also 
write (2.2) in the form 
E=fko+ Fi, (2.6) 
with 
Ey wl ., 
kh, -y(H,-1), 
and where we have used the abbreviation 


Ww IT, 


for the circular frequency of precession of the nucleus 
in the strong field //). We shall now consider the nucleus 
in the field Zo and the molecular surroundings, un- 
coupled to each other, as the unperturbed system. With 
E of the form (2.6) the terms Ey and F in (2.4) will thus 
be treated as large, while the terms /, and G will 
represent a small perturbation. In analogy to Dirac’s 
perturbation theory we write therefore 


p= ABp*B-A—, 


(2.9) 


(2.10) 
where A =e '“°t or, with (2.7), 


(2.11) 
(2.12) 


and 


One obtains then from (2.4), 

dp*/dl i[ £\*+G*, p* ], (2.13) 
with 

AEA, (2.14) 

and 
GAB, (2.15) 
The validity of (2.13) is directly verified by substituting 
(2.10) in (2.4), using (2.6) and the equality 


BOATSE, AB=A™E,A. 


G*= BA 


This equality holds since &, like F, is an operator which 
acts only upon the variables /, s of the molecular sur- 
A, and 


roundings and therefore commutes with ,, 
A~, which act upon m alone. 

Denoting p and p* at the time t=0 by p(O) and p*(0), 
respectively, we have from (2.10), (2.11), (2.12) that 


p*(0) p(O). (2.16) 


From this initial value one obtains by forward inte- 
gration in two successive approximations the value of 
p*(t) at a later time / in the form 

p*(t) = p(O) +A p*¥+A® p*, (2.17) 
The first-order increment is 

a! 
A‘) p* if [Ey*(t'), p(O) jdt’ 

0 
t 


if [G*(t’), p(O) jdt’. 
0 


(2.18) 
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In the second-order increment we have to keep the 
terms which are quadratic in G*, but we are allowed to 
neglect the cross terms of £,* and G* as will be further 
discussed in the next section; it is then found to be 


t ° 
A® p*= -f (f [G*(t’), Car"), (0) He" Jat, 
0 0 


(2.19) 


For the purposes of this investigation we are inter- 
ested only in the expectation value of quantities con- 
cerning the nuclear spin alone, such as the components 
of I, the angular momentum of the nucleus in units A. 
(Juantities of this nature will be generally designated as 
“spin functions’’; in our chosen representation they are 
diagonal in the variables f and s, referring to the 
molecular surroundings and hence of the form 


(m fs|Q) m' f’s’)=(m|Q| m’)by7/bs4°. (2.20) 


In order to evaluate their expectation values according 
to (2.5) it know the ‘distribution 
matrix” o defined by 


is sufficient to 


(m,a,m')=>;.(mfs, p,m’ fs), (2.21) 


— 


instead of the general density matrix p. In fact, it 
follows directly from this definition and from (2.5) that 


YS mmi(m’ | O.m)(m\ alm’) (2.22) 


(Q)=Tr{Qo}=E 
is the expectation value of a spin function Q given by 
the matrix (2.20). In analogy to the transformation 
(2.10) we can introduce the matrix, 


. *' im’ fs), (2.23) 


(m\a*|m')=>>;.(mfs! p 


which is related to a by 


o=Ao*A—, (2.24) 


To prove this last relation from (2.10) and from the 
definitions [(2.21), (2.23) ], one merely has to note that 
F and, through (2.12), also B, is diagonal in m while A 
is, according to (2.11) a pure spin function and there- 
fore diagonal in f and s. Inserting (2.17) in (2.23), we 
find that 


(m|o*(t), m’)=(m_/o*(0), m’) 
t(m Aa* m')+(m| A’ a* m’), 
with 


(m_a*(0),m')=S-5.(m fs, p(O), m'fs), — (2.26) 


(m| A o* m’)=>;.(mfs| A" p* m’ fs), (2.27) 
(m, A°?'a* m’)=So,.(mfs| A® p* m’ fs). (2.28) 


In order to evaluate the matrix (2.26) and, by means 
of the expressions (2.18), (2.19) and the matrices (2.27), 
(2.28), a knowledge of the density matrix p at the time 
!=0 is required. Actually it is not this matrix p(0) which 
is known but rather its statistical average, to be denoted 
by p(0). It indicates the fact that the surroundings are 
for ¢=0 in statistical equilibrium at the absolute 
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temperature 7. This implies that there exists no phase 
relation between the probability amplitudes for dif- 
ferent states, characterized by f and s, and that the 
probability of finding the surroundings in any one of 
these states is given by the Boltzmann factor P(/), 
which depends only on the energy //f. Going back to 
the definition (2.3) of the density matrix and taking 
the statistical average of this equation for /=0, we have, 
therefore, 


(m fs| p(O) | m’ f’s’)=(m\a(O)|m’)P(f)bjypbaer. (2.29) 


The appearance of the arbitrary matrix (m!o(0)|m’) 
signifies that we maintain complete generality in regard 
to the initial state of the nucleus. The fact that this 
matrix represents indeed the distribution matrix at the 
time ‘=0 can be verified if one replaces p(0) by A(O) in 
(2.26), noting further that 


LAs P(f)=1, 
and that by virtue of (2.11) and (2.24), 
(m | o*(0) | m’) = (m|o(0)| m’). (2.31) 


We shall from now on be concerned with statistical 
averages which are obtained through the replacement 
of the matrix p(0) by its average p(O) of Eq. (2.29). In 
a strictly consistent notation this replacement should 
be indicated by placing a bar over the corresponding 
quantities, such as (m!6(t)|m’), (Q), etc. To avoid an 
overburdened notation we shall, however, omit this bar 
and keep the previous notations with the understanding 
that in the remaining part of this paper p(0) will be 
replaced throughout by the matrix (2.29) and that all 
further relations for the distribution matrices a, o* and 
for the expectation values of spin functions refer to 
their statistical averages. 

The expressions (2.27), (2.28) for the statistical aver- 
age of the increments A“o* and A®o* are thus directly 
obtained by writing Eqs. (2.18), (2.19) in matrix form, 
replacing (m/fs| p(0)|m’f’s’) by (2.29) and using the 
equality 
(m fs|G*| m’ f’s’) 


= eV mw—f’ 


(2.30) 


tm’w) tm fs|G|m’ f’s’), (2.32) 


which is valid by virtue of the relations (2.15) and 
(2.11), (2.12). For the summations over f, implied by 

(2.28) as well as by the formation of matrix 
products in (2.18), (2.19) we shall from now on assume 
that the energy values / f of the molecular surroundings 
form practically a continuum. The number of states 


with a given quantum number s and with f between / 


and f+df will be given by 
dn,=n.(f)df, 


so that the symbol }>/;, is to be replaced throughout by 
> .Sn.(f)df. The relation (2.30) has in this notation 
the form 


(2.33) 


(2.34) 


= fncsPnas=1, 
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and the Boltzmann factor P(/) in (2.29) is to be written 
explicitly as 


P(f)=e™ier / p 4 f nf ed f’, (2.35) 


Following the procedure indicated above and by 
virtue of (2.31) replacing in (2.29) (m|o(0)|m’) by 
(m|o*(0)|m’), one obtains 


(m|A%o*| m’) = 


t 

-i> f dt'{(m| Ey*(t')| m”)(m" | o* (0) | m’) 
m’’ 0 

)(m""| Ey*(’) | m’)} 


-(m!oa*(0)|m” 


-i> > ns PUdS f dt 


X {e iw(m mlm fs|G|m” fs)(m' ‘!a*(O)|m’) 


(m"’ fs|G|m’ fs)}, 
(2.36) 


mi Om | *(O)| m’’) 


— ¢ iw(m’ 


and 


| m’) = 


(m! A o* 


t t’ 
<a nes f necsas' f at f dt’ 
8,8’ m'!’,m’"" 0 0 
X {eiY ma—f'+m''w)t'+ilf’—m"'a—f+m''’e)t'’ 
|a*(O)| m’) 


”" fs)(m" 


S'+m‘w)t’’ 


X (m fs|G| m’’ f's’)(m"’ f's'|G| m 


mua—f+m'’w)t’+i(f—m'''e 


ann gt f* 


x (m f’s’| G| m"" fs)(m""| a*(O)| m"")(m!” fs|G| m’ 7's’) 


—¢il m’''a—f'+m'ao)t'+il(f’ mw -f+m'’aw)t’’ 


x (m f’s’| G| m" fs)(m"’ | a*(0O)| m”’)(m'” fs|G| m’ fs’) 


‘a~f+m'w)t!'+i(f—m''w-—f'+m'"'e)t’’ 


+ etfs’ m’! 


X (m|o*(O)| m”’)(m"’ fs|G| m’” f’s’)(m!" f’s’|G| m’ fs)}. 
(2.37) 


To obtain the first term in (2.36) from that in (2.18) 
it has to be noted that £,, defined by (2.8), is a spin 
function and thus, according to (2.20), to be represented 
by the matrix 


(mfs! F 


E,*(t) is therefore by virtue of (2.14) and (2.11) likewise 
a spin function represented by the matrix 


21(t) | m’ f’s’) = (m| Ey(t)| m’)bsy-5eu. (2.38) 


(m fs| E,*(t)| m’ f’s’) = (m| Ey*(t)| m’)bypbse (2.39) 


with 


(m| E,*(t)|m’) =e #(™—™"(m| Ey (t)|m’). (2.40) 





ee 


3. THE BOLTZMANN EQUATION FOR THE 
DISTRIBUTION MATRIX 


Equations (2.36), (2.37) for the increments yield, 
through (2.25), the transformed distribution matrix o* 
at a time / in terms of its initial value o*(0). The time 
interval ¢ must be chosen sufficiently small so that 
(2.25) represents a good approximation, i.e., that the 
omitted terms of higher order than the first in EZ; and 
the second in G are indeed negligible. To estimate 
orders of magnitude this condition may be considered 
equivalent to stating that the lower order terms them- 
selves which have been kept in A“o* and A®o* cause 
these increments to be small compared to the initial 
value (0). For the linear terms in £,* in Eq. (2.36) it 
requires 


y| Hi |<, (3.1) 


where we may define | //;| as the “effective” magnitude 
of the weak variable field H, of Eq. (1.3). Due to the 
fact that £,* occurs in (2.36) as the integrand in a time 
integral and because of the relation (2.40) and the 
definition of EZ, by (2.8), it is seen that the effective 
magnitude |/7;| depends greatly upon the frequencies 
contained in the actual field H,. In the case of greatest 
practical importance, where H, is transverse and 
varies with a frequency in the neighborhood of the 
resonance frequency w, the effective magnitude is of 
the same order as the actual magnitude of H,; it is, 
however, smaller if H, varies with a frequency which 
differs appreciably from w. Concerning the increments 
due to the perturbation G it will be seen later that the 
linear terms in (2.36) do not have to be considered in 
this connection and that the quadratic terms in (2.37) 
become relatively important only after a time ¢ of the 
order of the relaxation times 7; or T2, defined in Sec. 1. 
It is therefore necessary, besides the condition (3.1), to 
demand both 

KT». (3.2) 


t<T, and 


We shall now proceed to discuss separately the 
various terms in (2.36) and (2.37). If we introduce the 
commutator of the two matrices (m|E,*|m’) and 
(m|a*(O)|m’), the first term of (2.36) can be con- 
veniently written in the form 


if (m|[Ey*(t'), o*(0) ]| m’)dt’. 


Upon carrying out the integration over ¢’ and intro- 
ducing the matrix 


1—e iw(m—m’)t 


——¥ 


tw(m—m') 4 


x P(f)(mfs|G| m'sf)df, 


(m| K(t)|m')=h n(f) 


(3.3) 


we find that the second term of (2.36) can be similarly 
written in the form 


—(i/h)(m|[K(t), o*(0) ]| m’). 
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Besides satisfying the conditions (3.1), (3.2), the time 
interval ¢ will from now on be chosen so large that it 
contains many periods of precession in the constant 
field Ho; i.e., we demand also that 


VHot=wt>>1. (3.4) 


The off-diagonal elements of the matrix (3.3) are small 
compared to the diagonal elements in the order 1/wf 
and hence negligible in view of (3.4); we can therefore 
effectively write 


(m| K(t)| m’)=t&Embmm’, (3.5) 


where 


SE n= hE f u()PU\mfs|Glmfsrdf (3.6) 


represents the average value of the interaction energy 
hG. Equation (3.5) expresses the fact that the first- 
order effect of the surroundings causes merely a shift 
of the nuclear Zeeman levels by AE,. While such 
shifts may actually occur, they are not essential for the 
following discussion and will for simplicity’s sake be 
disregarded by assuming that AE,,=0; this assumption 
is besides frequently justified by the fact that the per- 
turbations upon the nucleus are of such fluctuating 
character as to render zero the diagonal matrix elements 
of G appearing in (3.6). 

We are therefore justified in rewriting (2.36) in the 
simplified form 


t 


(m| Aa*| m’) = -if (m|[ Ey*(t’), o*(0) ]| m’)dt’, (3.7) 
0 


being left solely with the second-order increment (2.37) 
for the effect of the coupling between the nucleus and 
its molecular surroundings. 

To render the discussion of (2.37) more convenient 
we shall write this equation in the form 


(m|A@a*|m')=—L J n(f)PU)df 


x f ne( fd f'(mfs|L|m'f's’), (3.8) 


where it is seen from carrying out the integrations over 
t’ and ?” in (2.37) that 


(mfs| L|m' f’s') = 
X~ {(mfs|G|m" f’s’)(m" f’s'|G| m’ fs) 


x (m’"|a*(0)| mo ff’ —em—m'"), m!” —m] 
—(mf's’|G|m” fs)(m"’| o*(0)| m’’)(m'” fs|G| m’ f’s’) 
X of f’— f—w(m—m"), m”’ —m+m'—m"") 
— (mf's!|G|m'"fs)(m” | o*(0)| m"”)(m’” fs|G| ms" 
X of f— f’—w(m’”’—m’), m!’— m+ m'—m'" 
+(m|a*()|m’)(m”’ fs|G|m’” f’s!)(m'” f's"|G| m’ fs) 
X of f’— f—w(m'’’—m’), m’—m'"}y, (3.9) 
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x(einot— 1) ean nw(e'*!— 1) 


(3.10) 





¢Lx, n)\= 
nwx(x—nw) 


The integration over f’ in (3.8) requires integrals of 
the form 


fro glx, nm |dx 


E(e*”— 1)— v(e*¥—1) 
=t fxg) dt, (3.11) 
vi(t—v) 


v= not. 


where 
(3.12) 


f=xt; 

For a sufficiently long interval ¢, the integration over 

& may be extended from — ~ to + and the function 

x may be replaced by its value for the argument zero, 

provided that it is a sufficiently slowly varying function. 
The expression (3.11) becomes thus effectively 


+© t(e”— 1)—p(e*—1) 
no) f —_—_——_————dt= nly (0)(e”—1)/iv. 
es vi(t—v) (3.13) 


It is seen from (3.9) and (3.10) that the quantity n 
appearing in the definition (3.12) of v is an algebraic 
sum of two or four values of the magnetic quantum 
number and hence an integer. All those terms en- 
countered in the summation over m’ and m” in (3.9) 
for which n #0 yield a periodic dependence upon ¢ and 
are of relative order of magnitude 1/wt, compared to 
the terms with n=0, which yield a linear dependence 
upon ¢. The former are therefore negligible compared to 
the latter if / is again chosen long enough to satisfy the 
condition (3.4), so that we can write 


mtx(0) for n=O, 


f x(x) gL x, n |dx= | 
0 for n<0. 


With Dirac’s 6-function and the usual 6-symbol this 
result can be expressed in the form 
glx, n]= rt5(x)d,, 0. 


Using this property of ¢ in the summation over m”, 
m’”’ in (3.9) and in the integration over f’ in (3.8) one 
obtains 


(3.14) 


(m| A®o*| m’) 
=t¥ (20 mete, mer (m+7/|0*(0)|m’+7) 

— (Tam’+ TDm’m’?)(m|a*(0)|m’)), (3.15) 
with 


Pam = Tv = n(f)P(f) 


X ne (f+ rw) (mfs|G|m4+-7, f+7, s’) 


X(m'+ 7, f+ rw, s’|G|m'fs)df. (3.16) 
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Noting from (2.35) that 


P(f+rw)=e"'P(f), 
with 
k= hw/kT, (3.17) 
one obtains from (3.16) the relation 


| 71 +7, ate  =C cial bert (3.18) 
The result (3.15) can thus be written in the more con- 
venient form, 


(m| A@a*|m’) 

=t > {2-1 nme ™(m+ 7| o*(0) | m’+ 7) 

— (Pam? +T' mm") (m|a*(O)|m’)}. (3.19) 

In order that the derivation of the result (3.19) be 
valid another condition for the length of the time 
interval ¢ has to be satisfied. Going back to Eqs. (3.8), 
(3.9) it is seen that the replacement of the function x(x) 
by its value for the argument x=0 in (3.13), and hence 
the appearance of the Dirac 6-function in (3.14), 
requires that products formed by the function n,/(f’) 
and matrix elements of the form (m/fs|G|m’"’f’s’) are 
sufficiently slowly varying functions of the variable f’. 
To formulate this condition in a quantitative manner 
we introduce a “characteristic frequency” w* of the 
molecular surroundings, which will indicate the effective 
scale in which the spread of the frequencies f’ has to 
be measured. The condition justifying the step from 
Eq. (3.11) to (3.13) can then be written in the form 


(3.20) 


w*t>t1. 


The physical significance of the frequency w* depends 
entirely upon the nature of the surroundings, and its 
order of magnitude may be very different in different 
cases. In crystals, e.g., it must be expected to be of the 
order k0/h, where @ is the characteristic temperature, 
used in Debye’s theory of the specific heat. In the case 
of gases, w* may have the significance of the inverse 
time during a collision or between collisions, depending 
upon whether the interaction with the nucleus is 
directly due to the colliding partner (e.g., if the latter 
consists of a paramagnetic molecule) or whether it 
consists of the coupling to the rotation of the molecule, 
containing the nucleus, whereby transitions between 
rotational states are of primary importance. A third 
example is encountered in liquids where 1/w* may be 
primarily determined by the correlation time and thus 
dependent upon the viscosity.” 

The validity of the results (3.7) and (3.19) for the 
increments of o* demands that one can choose a time 
interval ¢ which is neither too short nor too long so that 
all four conditions [(3.1), (3.2), (3.4), (3.20) ] are simul- 
taneously satisfied. This evidently requires six condi- 
tions which all can be formulated by the relation 


(y|Ay\, 1/ T;, 1/T2)«(yHo, w*), (3.21) 
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in the sense that each of the three quantities on the 
left side must be small compared to each of the two 
quantities on the right side. It is seen that the relative 
strength of the constant field 4/9 in comparison to the 
effective magnitude |//;| of the variable field, men- 
tioned in Sec. 1, is only a necessary but not a sufficient 
condition. Neither this condition nor the others implied 
by (3.21) is of course automatically fulfilled, and they 
may actually be violated in extreme cases (e.g., in the 
presence of a very weak constant field). In most prac- 
tical cases they are, however, well fulfilled so that the 
conditions (3.21) represent no serious restriction for the 
applications of our results. 

Assuming these conditions to be satisfied, we shall 
now, as mentioned in the beginning of this section, 
choose the time interval ¢ short enough so that the 
expressions (3.7) and (3.19) represent the corresponding 
small increments of o*. Equation (2.25) can then be 
written in the differential form 


d(m|a*|m’)/dt= —i(m|[E,*(t), o* || m’) 
$+ 2e-"T me? (m+ 7 | a*| m'+-7) 
(Vnm? + V'mme?) (ml o*|m')}. (3.22) 
We shall claim this differential equation to be valid 
at any time / despite the fact that Eq. (2.25) refers to a 
specific initial time /=0. One might consider this claim 
to be obviously justified since any one instant can be 
chosen to be “initial” as well as any other. It must be 
kept in mind, however, that we have actually distin- 
guished the time t=0 by choosing at this instant the 
specific form (2.29) for the statistical average of the 
density matrix. This choice would evidently be strictly 
satisfied under the hypothetical condition that the 
interaction between the nucleus and its surroundings is 
ineffective up to the time /=0 and that the latter had 
come to thermal equilibrium previous to this instant. 
However, because of the interaction, this equilibrium 
would be upset at a later time; and since in reality the 
interaction remains, of course, always effective, it 
might seem that our choice is based upon an incon- 
sistency. Nevertheless, it is actually seen to be justified 
if one considers that the molecular surroundings nor- 
mally have so very many degrees of freedom that it 
takes a long time before the interaction with the 
nucleus affects a sufficient number of them to cause an 
appreciable deviation from equilibrium conditions. We 
may safely assume either that this time is too long to 
matter for our considerations or that the molecular 
system is in sufficient contact with a “heat reservoir” 
which re-establishes equilibrium conditions more rapidly 
than they would be upset by the sole action of the 
nuclei. Physically this means that the ‘local heating” 
in the neighborhood of each nucleus is negligible, i.e., 
that the heat conduction of the molecular system is 
sufficiently high so that the heat transferred from the 
nucleus is carried away before it can effectively react 
backward upon the latter. 
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Under these circumstances it is legitimate to obtain 
the transformed distribution matrix o* as a solution of 
the differential equation (3.22). It remains to derive an 
equivalent equation for the distribution matrix o related 
to a* by (2.24). This relation has, in view of (2.11), the 
matrix form 


(m|a|m’)=e'e'™—™) (mm | o*| m’), 


so that with the further use of (2.7), 


d(m|a|m’)/dt= —i(m|[ Eo, o ]|m’) 

+ eie(m—m')td(m|a*!m’)/dt. (3.24) 
Inserting in the last term of (3.24) the expression (3.22), 
replacing o* by o through (3.23), and using (2.6), one 
obtains thus 


d(m|a|m’)/dt= —i(m!(E, o || m’) 
+¥ {2€-" Timm (m+ 7{o|m’+7) 


~(Fnm?+Tmn'm'?)(m|a|m’)}. (3.25) 


In analogy to the classical Boltzmann equation for 
distribution functions, we shall refer to this system of 
differential equations as the Boltzmann equation for 
the distribution matrix a. It allows the determination 
of the matrix elements of o in an external field as a 
function of time in terms of their values at a given 
instant and represents the most general result of this 
investigation. Once this time dependence has been 
determined, that of the expectation value of any spin 
function Q is obtained from (2.22). 

Before discussing this problem we shall note some of 
the properties of (3.25). From the condition of nor- 
malization, 

Dd mpe(m fs! p(t)|mfs)=1, 


for the density matrix (2.3) given in Sec. 2, one obtains 
from (2.21) for the distribution matrix o the nor- 
malization, 


> m(m|a(t)|m)=1. (3.26) 


The fact that this condition is compatible with the 
Boltzmann equation (3.25) can be directly verified by 
showing that the time derivative of the left side 
vanishes by virtue of this equation and the relation 
(3.18). 

It can also be verified that the spin states have a 
stationary Boltzmann distribution in the absence of 
the alternating field /7,, where one has from (2.6) and 
(2.8) E= Ep. It is expressed by the fact that (3.25) has 
in this case the time-independent normalized solution, 


(m|o| m’)=e*™Smm: sinh(x/2)/sinh[«(7+4)], (3.27) 


and is essentially based upon the circumstance that Eo 
is, according to (2.7), represented by a diagonal matrix so 
that it commutes with (3.27). 

Another case of considerable practical interest is that 
in which &7 is large compared to the separation hw of 
the nuclear Zeeman levels in the external field Ho, so 
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that according to (3.17) «<1. Keeping only the linear 
terms in x, one has here 


(m|a|m’)=(m|ao|m’)+«(m\o,|m’), (3.28) 
with 


(m|oo| m’) = bmm/(21+1), (3.29) 


and where the matrix o; is a solution of 
d(m|o,|m’)/dt= 
—i(m| CE, o1]| m’)—¥ {20 mm™(m+ 7] 01|m’+7) 


Bix (Tam? + D'm’m??)(m|oy|m’)} 
— (25 mm'/27+1)>-- TT'mm’- 


4. EXPECTATION VALUES OF SPIN FUNCTIONS 


(3.30) 


We shall here consider the manner in which expecta- 
tion values of spin functions vary with the time ¢; in 
particular, we shall restrict ourselves to the case where 
the spin function Q and thereby, according to (2.20), 
the matrix (m!Q|m’), does not explicitly depend upon ¢. 
Nevertheless, its expectation value (2.22) will in general 
be a function of ¢ through the time dependence of the 
distribution matrix ¢, obtained by integrating the 
Boltzmann equation (3.25). While this procedure can 
in principle always be carried out, it may lead to rather 
involved calculations; an explicit knowledge of the dis- 
tribution matrix is, however, in many cases not re- 
quired. Particularly in those cases which lead to the 
phenomenological equations (1.1) and in which we are 
especially interested, it is possible to establish directly 
differential equations for expectation values which are 
far easier to treat than the general Boltzmann equation 
(3.25). 

We shall therefore form directly 


d(Q)/dt= mm (m'|Q|m)d(m\a|m’)/dt, (4.1) 


and insert on the right side of the equation the ex- 
pression for the time derivative of o, obtained from 
(3.25). While this insertion leads to no difficulty it does 
not, in itself, present a simple basis of discussion. A 
simple form is, however, obtained if we assume that 
the interaction operator G of Eq. (2.1) can be expanded 
in the form 


G=>)" 1; IF (-*, (4.2) 
where the operators J,’ will be a pure spin function while 
the operators /;’ will act upon the variables of the 
molecular surroundings alone, and are to be represented 
by matrices of the form 


(mfs| F 17| m’f’s’) = (fs| Fit| f’s’)bmm’. (4.3) 


It will further be assumed that /;* is represented by a 
matrix of the form 


(m|Ii*|m’)=T tm" m, m'41- (4.4) 


The form (4.2) corresponds to the usual expansion 
of the energy of interaction between the nucleus and an 
external electromagnetic field in magnetic dipole, elec- 
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tric quadrupole, and higher terms. With the indices 
I=1, 2 for magnetic dipole- and electric quadrupole- 
interaction, respectively, one has for /=1, 


[= | a Fi°= — 7H, 
Lal, Pytl=—}y(H+ill,’), 
I,7=0, for |r|>1; 


(4.5) 


and for /=2, 

I,°=212—12-—1,}, 

F,9= —{q/4hI (21 —1)}0E,'/ dz, 
I,#!=1,]++1+1,, 
F,+! = — {q/4hI(2I—1)} (0E,'/ds+i0E,'/ dz), 
1,4? = (I+)?, 
F,4? = — {q/8h1 (21 —1)} (0E,'/dx 

—J0E,'/dy+2i0E,’/dy), 


(4.6) 


I,*=0, for |r| >2, 
where we have used the abbreviation 


[+=],+i],. (4.7) 
y stands further for the gyromagnetic ratio (1.2) of the 
nucleus, and q for its electric quadrupole moment. The 
magnetic field components //,’, H,', H.’, as well as 
the derivatives of the electric field components E,’, 
E,’, E,', are to be taken at the position of the nucleus 
and refer to the fields produced by the molecular sur- 
roundings; they are therefore to be represented by 
matrices acting only upon the variables f and s. The 
terms for higher values of / in (4.2) correspond to higher 
multipole interactions and their explicit form will not 
be needed in our further discussion. 

Using the form (4.2) of G and the Eqs. (4.3) and (4.4), 
one obtains now from (3.16) 


| > v Tim “*hy m’ + Pry’, (4.8) 


with 


Py'=7 a front tw)(fs| Fi7| ftw, 5’) 


Xf+rw, s’|Frot| fs\df. (4.9) 

By expressing the time derivative of the distribution 
matrix through the Boltzmann equation (3.25) with the 
expression (4.8) inserted and using the relation (4.4), 
one obtains now from (4.1) 


d(Q)/dt= —i((Q, E})+ XS bw {2e-""(T 01 -") 


7h 
—QIi-Tv)— TT v'Q)}. (4.10) 
Noting the relation 
Pp Pt =e" Py’, (4.11) 


which follows from (4.9) in analogy to (3.18), and the 
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identity 

2ly OI v7—QI, Typ? -I Iyv'Q 
=1-°10, lv" J+", Ov’, 


the equation (4.10) can be written in the still simpler 
form, 


d(Q)/dt= —i({Q, FE. }) 
{ > Py "1, Q, Ty" |4 (i , Oy’), 


rill’ 


(4.12) 


which is particularly suitable for our further discussions. 

We are for our purposes particularly interested in the 
case where Q stands for any one of the components of 
the spin vector I. In fact, the expectation value of the 
magnetic moment wp of the nucleus is directly given by 
that of I through 


(u)=yh(D, (4.13) 


where y is the gyromagnetic ratio (1.2). If there are n 
nuclei of the considered kind per unit volume whose 
molecular surroundings have the same properties, one 
has for the macroscopic polarization vector 


M=n(p)=nyhil), 


where the expectation values refer to the representative 
single nucleus, treated in the previous sections. The 
fact that the macroscopic quantity M has to be obtained 
from a statistical average over expectation values of the 
microscopic quantities w and I needs no further con- 
sideration here; it has been taken into account in the 
previous replacement of the actual density matrix by 
its statistical average through Eq. (2.29). The time 
dependence of M is thus directly given by that of (I), 
and the validity of the phenomenological equation (1.1) 
demands that the equations obtained from (4.12) with 
Q=T,,,. result in a system of linear differential equa- 
tions which differs from (1.1) merely by the factor nyh. 

The fact that the first term on the left side of (4.12) 
has indeed the proper structure, demanded by the cor- 
responding term in (1.1), is immediately seen from the 
commutation rules 


(7,, 1, ]=«l.; (7,, 1,]=il,, 
which yield, with the expression (2.2) for E, 
-i({ I, £))=y7(IxXH). 


For the discussion of the second term we neglect the 
contributions for the values /, /’>2. This means that we 
shall consider only magnetic dipole and electric quad- 
rupole interactions of the nucleus and its surroundings ; 
the higher moments will be neglected both for sim- 
plicity’s sake and because of their subordinate practical 
importance. With this understanding, it is also per- 
missible to omit the mixed terms with /=1, l’=2, or 
vice versa, for with the magnetic field of Eqs. (4.5) 
an axial vector and the electric field of Eqs. (4.6) a 
polar vector, there is no relation between their signs 


(4.14) 


(ly, 1,J=il.; (4.15) 


(4.16) 
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so that the corresponding quantities ®,.7 and 2)’, 
defined by (4.9), must be indeed expected to vanish. 
Using the abbreviation 


Si(Q=d, bu7d (OQ, lv +i", Jl), (4.17) 


we can thus write the result of substituting for Q the 
components of I in (4.12) in the form 


d(1)/dt=y (UX H)+S\(D+5.(D. 


The evaluation of the expressions S,(I) and S,(I) is 
straightforward ; one has merely to use the expressions 
of 1," and /.’, given in (4.5) and (4.6), to apply the 
commutation relations (4.15), and to use the fact that 
12+17+1/7=I]([+1). The procedure is, however, 
somewhat lengthy, and we shall therefore omit inter- 
mediate steps and give the results directly. Combining 
terms with equal and opposite values of 7 by means of 
the relation (4.11) one finds that 


(4.18) 


§,(1,)= — 2,,'(14 € *)(f,) 


+261,'(1—e")(1(1+1)—(.)"), (4.19) 


Siz, y) = — $11, )— P,'(1+e *)(Is,) 
—P,,'(1—e I det idas)s 


So(1,) = — 2)'(1 +e) (81,2341 1+ D141) 
+ 2 oo!(1—e-*)(41(1+1)(1,)?—4(1,)4 
~5(1,)?+1(I+1))+4222(1+e7**) 

x (4(1,)?—41(1+-1)1,4-21,) 
+ 4o0?(1—e-2*) (121 +1)?— 271+ (1)? 
+ (1,)§+5(1,)2—21(I+1)), (4.21) 


(4.20) 


So(Tay) = — 9822214, (Te)? + (Ie) *2L ay) — Lay) 
+ dyo!(1+e-*)((3—41(I+1) ey) 
Po.'(1—e-*) (ACT g y(T2)® + (1)5T ey) 
+7 (Tey e+ 1 ilsy))+Pn72(1+e**) 
x (6s. y(T2)2+ (Ie) Iz. y) — 40+ Lay) 
b o92(1 —e-2*) (2g, y(T)*+ (Ie) Inry) 


+ (4—27I+1))T2yl2t+TTsy)). (4.22) 


The relation of these expressions to the validity of the 
phenomenological equations will be discussed in the 
following section. 


5. CASES OF VALIDITY OF THE PHENOMENOLOGICAL 
EQUATION 


Equation (4.18) with the general expressions for S, 
and S», given by (4.19) to (4.22), has the same range of 
validity as the Boltzmann equation simplified by the 
omission of higher multipole interactions. It has the 
advantage that it relates the time derivative of the 
expectation value of I directly to the expectation values 
of other functions of its components. The time de- 
pendence of the latter would, however, have to be 
known in order to integrate (4.18), and it would thus 
seem that one is led back to the distribution matrix, 
i.e., to the integration of the general Boltzmann equa- 
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tion (3.25). Yet there exists a number of important 
special cases where the expectation values appearing in 
S,(I) and S.(I) can be reduced to contain only those of 
the components of I itself. Equation (4.18) represents 
in this case a set of three simultaneous linear differentia] 
equations of the first order between these components, 
which is not only easier to integrate than (3.25) but 
actually results, as we shall see, in Eq. (1.1) for the 
macroscopic polarization. We will now discuss these 
cases separately. 

Case a, [=}: This case is particularly simple since a 
nucleus with spin 3 has no electric quadrupole moment 
so that the term S2 in (4.18) is absent. Noting further 
that one has here 


I(I+1)—(1.)?=3; 
one obtains from (4.19) 
S,(72)= — U2)/T14+-10/T1, 
Si (Tay) = — Le.u)/T2, 


(1,12y+ Bs aha) =(), 


with 


1 T, =2,,'(14 € "i. 
1 T» =(1 2T, )+ P,,°, 
Iyo= (1/2) tanh(x/2). 


Inserting this result in (4.18) and multiplying this 
equation according to (4.14) with yh, it is seen that 
one obtains here indeed Eq. (1.1) for the macroscopic 
polarization with 


Mo=nyhlo=ny tanh(Hou/ kT) (5.6) 


as the correct equilibrium polarization of nuclei with 
spin 4 and magnetic moment yu in an external field Ho. 
The second equality in (5.6) has been obtained from 
(5.5), using further (1.2) for 7=4, (2.9), and (3.17). We 
see thus that the general Boltzmann equation (3.25) 
leads for nuclei with spin 3 rigorously to the phe- 
nomenological equation (1.1). 

Case 6, x1: The range of validity of the phe- 
nomenological equations is considerably extended by 
assuming x1; this means, according to Eq. (3.17), that 
the Zeeman splitting of the nuclear energy levels due to 
the external field Ho is small compared to kT. Actually 
this is hardly a restriction of the practical applications 
since x is of the order of 10~* for fields of about 104G and 
at normal temperatures; it becomes comparable to 
unity only at exceedingly low temperatures or in ex- 
ceedingly strong fields. 

The expressions for S; and S2, given in Eqs. (4.19) 
to (4.22), are greatly simplified by this assumption 
which will be made from now on. It has been seen in 
Sec. 3 that the distribution matrix has in this case 
the form (3.28) with the dominant part oo given by 
(3.29). Keeping only terms linear in « it is, in fact, per- 
missible to replace in S; and S2 the terms (1+ e~*) and 
(1+e*) by 2 since these two expressions appear only 
in products containing the expectation values of /,, 
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T,,, 7.5, and (1,,17+1/I1,,y) which are themselves of 
order x. To the same order one can replace (1—e~*) 
by « and (1—e~**) by 2« and evaluate the expectation 
values of the spin functions with which these expres- 
sions are multiplied by substituting for the distribution 
matrix its dominant part (3.29), Denoting the approxi- 
mate expectation values, thus obtained, by the sub- 
script 0, one has 
CF oo (1 3)11+1); 
(A)o= (1/15) 10+ D[370+1)—1), 

and further 


Aye + PP y/0= 0; (I, y(1.)*+ (1, )las 0 =0. 
If we omit all terms of higher order in « than the first, 
the expressions (4.19) to (4.22) to thus simplify 
S,(7.) = —481' 7 ,)+ (4«/3) yp TT+-1), 
Si(Tz,y) = — (2% 11'+ O11") Tay), 
S3(7,) = 32(P2.7 “a Poo!) (7,3 YAA{ Po! 4714+ 1)-—1 } 
— Po-?[ 27(1+1)—1]} 7.) + (4x/15) 
X (Poe! + 420") [40 (1+ 1) — 3 +1), 
So ra y= 6(2%.."— 3Po2°) I, Ale + ( I, Plsy ) 
+ {9499+ Poo'[ 6—81 (1+ 1) ] 
—S8o7/(T + 1 )} (I, y)- 


(5.9) 


(5.10) 


It is seen that the magnetic dipole terms (5.7) and 
(5.8) have the same form as those given by (5.1) and 
(5.2), respectively, in the previous case of spin 4 and 
thus would, by themselves, lead in the same way to the 
phenomenological Eq. (1.1) with 

1/7, =49,,', 
1/T2= (1/27))+ ur, 
1o= («/3)I7+1), 


(5.11) 
(5.12) 
(5.13) 


and where 


Mo=nyhlo= (npPH/3kT)(1+1)/1 (5.14) 


represents the correct value of the equilibrium polariza- 
tion up to terms of order « and therefore linear in //y. 

The electric quadrupole terms (5.9) and (5.10) are 
in general not of the form leading to (1.1) and may 
invalidate this equation since nuclei with J>4 can 
have a finite quadrupole moment. Their relative im- 
portance is, however, frequently found to be small; in 
the presence of paramagnetic catalysts particularly the 
magnetic dipole relaxation can easily become dominant 
unless one is dealing with nuclei of rather large quad- 
rupole moments. Besides, it will be shown below that 
these terms likewise reduce in certain cases to a form 
leading to the phenomenological equation so that it 
remains here valid, even if quadrupole interaction 
contributes appreciably to the relaxation. 

Case c, [=1: Since nuclei with spin 1 can have no 
higher moments than those due to a magnetic dipole 
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and an electric quadrupole, one is here rigorously 
justified in the earlier omission of all higher interaction 
terms. One has here further 


(m|1,°|m') = mM omm: = Mbmm =(m|I,|m’), (5.15) 


since m*=m for the three possible values m=0, +1; and 


(m| 1, (12)?+(1,)*L2,\m’) 


=(m*+-m"™)(m\1,,|\m’)=(m|I,y|m’), (5.16) 


since (m|I,,|m’) differs from zero only for m=0, 
m'’=+1 or m’=0, m=+1, in all of which cases 
m’+-m"?=1. Using the ensuing relations, 


(18)= (2), (5.17) 


and 


(Ta,y(12)?+ (s)*22,y)= T2.y)s (5.18) 


one obtains thus from (5.9) with J=1 


So(1,) = —4(Bo9q!4-4 99") ((1,)— (2«/3)), (5.19) 


and from (5.10) 
So(T 2, y) = — (Vb20°+ 10P29'+ 4022") ay )». (S. 


Combining these results with (5.7) and (5.8) for /= 
we see therefore that 


Si(1,)+ S21.) = — (U2) —10)/T1, 
Sid, v) +S2(I2,y) whi Uz,y)/T2, 


with 
1/ T, = 4(, 1! + Po! + 49>»,*), 5.23) 


1/T = By 19+ 294 1'+- 94929 10D 99!+ 4bo9”, 24) 
and 
[= 2«/3. 5.25) 


Inserting (5.21) and (5.22) in (4.18) and multiplying 
with yh, one is thus led again to Eq. (1.1) with the 
proper value for the equilibrium polarization My =nyhlo. 
In order to obtain for spin 1 from the general Boltzmann 
equation the phenomenological equation (1.1) one needs 
thus merely the condition «<1, which is practically 
always satisfied. 

Case d, isotropic molecular surroundings: For spin 
values larger than unity it is not possible, in general, to 
reduce the expressions (5.9) and (5.10) to a form which 
leads to the phenomenological equation. The only cases 
where this equation can here still be expected to be 
valid are those in which the coefficients of the expecta- 
tion values (/,°) Ue le+l7ls2,) vanish, i.e., 
where one has the relations 


and 


Poo? = Doo! = 3499/2. 


(5.26) 


Even in cases where there exist certain relations among 
the operators /’:" (r=0, +1, +2), defined in (4.6), 
there is still in general no relation among the corre- 
sponding values 22" because of the different arguments 
f+7w which appear in the integration over f in (4.9). 

The situation is different, however, if the functions 
containing these arguments are sufficiently slowly 
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varying so that they do not change appreciably if f is 
increased by w or 2w. If we use again the ‘‘characteristic 
frequency” w* of the molecular surroundings, intro- 
duced in Sec. 3, this condition can be formulated by 


(5.27) 


wo*>w= yo, 


which is evidently compatible with, but more stringent 
than, the conditions (3.21) for w*. One has in this case 
from (4.9) 


$,'=r > frcorc foe ( ffs! Fit| fs’) 


xX (fs’| Fi" fs)df. (5.28) 

If the molecular surroundings have no preferred 
directions, there exist relations between the quantities 
F,’ (r=0, +1) and likewise between the quantities 
Ft (r=0, +1, +2), since it is seen from (4.5) and (4.6) 
that they are proportional to the components of the 
vector H’ and to those of the second-rank tensor, formed 
by the derivatives of E’, respectively. As a consequence, 
there exist here also relations between the corresponding 
quantities P,,", given by (5.28). 

The manner in which these relations can be obtained 
will first be illustrated for the quantities ®,,° and #,,': 
Under a rotation of the coordinate system, characterized 
by three Euler angles, the three quantities F;°, Fy’, and 
F,- given by (4.5) will transform according to the 
vector transformation of /,’, H/,', H,’. The same trans- 
formation as that of the quantities /'" is undergone by 
their matrix elements, appearing in (5.28), and the 
quantities ®,,’ will therefore undergo the same trans- 
formation as the corresponding products of two vector 
components. In a notation emphasizing this trans- 
formation property, we can write 


P,,°~ {H,"}, 
®y'~1{(H,/+ill,')(He'—iy)}. 


(5.29) 
(5.30) 


The result for an isotropic medium can now be ob- 
tained from that obtained for a given rotation of the 
coordinate system by averaging with uniform weight 
over all three Euler angles. Indicating this process by a 
bar, we have therefore, in this case, 


(5.31) 
(5.32) 


?,,° ~ (@,"*}, 


$)'~3{H,?+H,"}, 
and since 


H,"=H,"=H,", 
we have 
(5.33) 


1 
P,)°= 29 ,;'. 


Using this result for the formulas (5.11) and (5.12), 
obtained for the relaxation times due to pure magnetic 
dipole interaction, it is seen that one here obtains 


1/7, =1/T2= 2)", (5.34) 


i.e., the well-known fact that the longitudinal and 
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transverse relaxation times are equal in an isotropic 
medium whose characteristic frequency w* is large com- 
pared to the Larmor frequency w of the nuclei. 

An analogous procedure leads to the desired relations 
between the quantities ?..". In analogy to (5.29) and 
(5.30) and using the expressions (4.6) for F2’, we write 
P2.°~ { (0F,'/dz)*}, (5.35) 


Poo'~ {[(0E,'/d2z)+1(dE,'/ dz) | 


x[(dE,’/d2)—i(aF,y'/dz)]}, (5.36) 


By averaging over the Euler angles of rotation, one 
has 


(aE'7ax)*= (OR,78y)'= (Ean). 
Further, because of the condition divE’=0 


(: E,’ dE, ) (dk dE, ) 
ox oy “(- 02 


e—) Yas ) 
“Nos axJ 2 a 


(0E,'/d2)* = (0F,'/d2)*= (JE,'/dy)?= 4 (GE,'/d2)*. 


and 


The use of these relations in the averages of the right 
side of the equations (5.35) to (5.37) yields directly the 
equalities (5.26). With these relations between the 
quantities 2.’ and the relation (5.33) between the 
quantities ®,,7, one obtains now from Eqs. (5.7) to 
(5.10): 


(5.38) 
(5.39) 


Si(L,)+ SI.) =~ (e)—1e)/T, 
Sis, v+Se(Tz, y) —— UT, y yr 


with 


1 T, = , T= 21° t 649 4/( [+ 1 ) — 3], (5.40) 


and 
To=4nl([+1). (5.41) 


Equations (5.38) to (5.41) lead again to the phe- 
nomenological equation (1.1). It is interesting to note, 
however, that the condition of an isotropic molecular 
medium with high characteristic frequency, which we 
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have here needed for the validity of the phenomeno- 
logical equation, leads at the same time to the equality 
(5.40) of the longitudinal and the transverse relaxation 
time. While the condition of isotropy is well satisfied in 
gases and liquids, there exists the possibility, as shown 
by Bloembergen,’? that the viscosity of liquids prevents 
the existence of a sufficiently high characteristic fre- 
quency w* to satisfy the condition (5.27), with the 
ensuing result that 7, is appreciably shorter than 7}. 
One has therefore to conclude that, with the exception 
of nuclei of spin 1, the phenomenological equation is in 
such cases invalid if electrical quadrupole interaction 
contributes appreciably to relaxation. 


6. CONCLUSIONS 


The dynamics of nuclear induction has been treated 
here with considerable generality, the only serious re- 
striction lying in the omission of those features for 
which the spin-spin interaction between neighboring 
nuclei is essential. Particularly the differential equation 
(3.25) has, except for this restriction, a practically 
perfect and general validity. It is true that its derivation 
required the further conditions (3.21); one must note, 
on the other hand, that the largest of the three quan- 
tities on the left side of this inequality measures the 
order of magnitude of the line width in the frequency 
scale so that their required smallness is equivalent to 
the requirement of relatively narrow resonance lines. 

While this condition and thereby the validity of the 
Boltzmann equation (3.25) is practically always ensured, 
there are more serious further restrictions to the 
validity of the very much simpler phenomenological 
equation (1.1). We shall here briefly summarize them: 

1. For /=4: No further restrictions. 

2. For J=1: Hop<KhkT. 

3. For J>1 and negligible quadrupole-relaxation : 
Hop<KkT. 

4. For J>1 and appreciable quadrupole-relaxation : 
Houw<kT; the molecular surroundings are further re- 
quired to be isotropic and to have a characteristic 
frequency large compared to the Larmor frequency of 
the nuclei. As a consequence of these requirements one 
has 7,;=T7>}. It is only the last-mentioned restriction 
which represents a serious limitation to the validity of 
the phenomenological equation ; it demands in practice 
that the sample consist of a gas or a liquid with low 
viscosity. 

This investigation shows, nevertheless, that there 
exists a considerable range of validity for the phe- 
nomenological equation which accounts for its em- 
pirical usefulness. It may finally be hoped that a 
treatment of similar generality can be developed to 
include also features of spin-spin interaction and line 
structure. 
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A study is made of the scattering of high energy protons by protons. Several types of “‘cutoffs” are intro- 
duced into the singular tensor ‘nteraction proposed by Christian and Noyes; the triplet P state radial 
equations are then solved by essentially exact numerical integration methods. The resulting cross sections 
show a more pronounced disagreement with experiment than do the Born approximation cross sections 
of Christian and Noyes. Calculations were carried out in the vicinity of 350 Mev and 120 Mev. 


INTRODUCTION 


‘XEVERAL experiments have been carried out on the 
scattering of protons by protons at energies greater 
than 100 Mev.'* The resulting differential cross sec- 
tions are characterized by spherically symmetric angular 
distributions (in the center-of-mass system) and by a 
lack of dependence on energy. Between scattering 
angles of 20° and 160° and between energies of 120 Mev 
and 350 Mev the cross section is about four or five 
millibarns per steradian. The results have been in- 
terpreted by Christian and Noyes® (hereafter referred 
to as “CN”’), by Jastrow,® and by Case and Pais.’ In 
the CN analysis (350 Mev) a square well singlet inter- 
action was used which gave almost no scattering at 
angles greater than 40°. The problem then was to find 
a triplet interaction yielding an essentially isotropic 
differential cross section. It was observed that any 
triplet central potential is undesirable since the cross 
section due to it would vanish at 90° (the wave func- 
tion is antisymmetric), accordingly a tensor force model 
was chosen. (The wave function must of course still 
be antisymmetric ; however, with a noncentral potential 
the antisymmetrization is not expressed in terms of the 
polar scattering angle @ alone, but by the azimuthal 
angle @ as well. The antisymmetric spin scattering 
matrix S(@,¢)—S(xr—80,@+ 7m) does not necessarily 
vanish at 6=2/2 as it would if there were no @ de- 
pendence.) 

In order to obtain the desired “flat” cross section, 
Christian and Noyes found it necessary to use a po- 
tential with a “highly singular” radial dependence 
e~?/®/y?, All triplet state calculations were carried out 
in Born approximation. Jastrow, on the other hand, 
attempted to obtain agreement with experiment by 
introducing a hard core into the singlet interaction, 
thus permitting greater momentum transfers and ac- 
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cordingly a substantial amount of large angle (90°) 
scattering. The triplet interaction was not then re- 
quired to yield an isotropic cross section. Neither the 
CN nor the Jastrow interpretation was entirely success- 
ful in fitting the experimental data, the principal diffi- 
culty being too large a theoretical peak in the forward 
direction due mostly to scattering of the singlet D 
state. However, it was not in the spirit of the analyses 
to indulge in a detailed program of “‘curve fitting” but 
rather to illustrate the important features of the various 
interactions chosen. This philosophy applies as well to 
the present paper. 

It is proposed here to examine more critically the 
triplet state calculations of Christian and Noyes, and, 
in particular, to investigate the validity of their use of 
the Born approximation. Singlet scattering will be 
ignored. There is reason to suspect that results of the 
Born approximation applied to a highly singular po- 
tential may not be even qualitatively correct. Consider, 
for example, the radial equation for the *Po state 
[ Appendix, Eq. (A18) ]. In the vicinity of the origin 
this takes the form 

Pu/dy’+dou/y'=0, y=kr. (1) 
(Choosing Ao>O0 implies that the nuclear potential is 
effectively attractive in this state, and sufficiently deep 
to dominate the centrifugal term as r—0.) The solution, 
for \o>4, is composed of spherical Bessel functions of 
imaginary order having an oscillatory singularity at the 
origin :° 

u—y? cos[ (Ao—})} logy+ B]. 

y+0 
An interaction of this nature can be treated in a physi- 
cally meaningful way only if the singularity at the origin 
is in some arbitrary way “cut off.” It is evident, how- 
ever, that the region of the cutoff cannot be arbitrarily 
small since several oscillations of the wave function 
within the region would lead to bound states of the di- 
proton. Consider the integral equation satisfied by the 
solution to Eq. (A18): 

¥ ea 
u= Aygi(y)+4Ag_i(y) —werdy 
y 


0 
e 


ugdy. (2) 
y 


+4eu(y) f 
v 


*K. M. Case, Phys. Rev. 80, 797 (1950). 
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The left-hand side of the equation becomes the wave 
function in Born approximation if the plane wave solu- 
tion u= g,(y) is inserted as a trial function in the inte- 
grand. The Born approximation is valid if the exact 
solution does not deviate greatly from the free particle 
trial function. Near the origin the latter, g:(y), becomes 
just 4y’; the next zero occurs beyond the region in 
which the nuclear interaction is appreciable, even for 
energies as high as 350 Mev. It is therefore evident 
that for sufficiently short cutoffs the Born approxima- 
tion is invalid since the exact (possibly oscillatory) solu- 
tion does not resemble the trial function. Examination 
of the integral equation (2) shows, moreover, that the 
presence of a short range cutoff has a negligible influence 
on the Born calculation itself, simply because the singu- 
larity in the potential is masked by the $y’ factor from 
the trial function. (For convenience a square well cutoff 
may be visualized here; that is, the potential e~*4/y 
for y> yo is placed equal to the constant e~*”°/yo* for 
y<yo.) It is evident that the larger the cut-off radius 
the more nearly valid becomes the first-order iteration 
procedure. On the other hand, a long range cutoff 
cannot be ignored in a Born calculation. It seems, 
then, that the CN procedure (Born approximation 
without explicit introduction of cutoff) can be taken 
seriously only if there exists some kind of cutoff of 
sufficiently long range to permit first-order perturba- 
tion methods to have real meaning, yet short enough so 
that the perturbation calculation itself is not appreci- 
ably influenced by its presence. It will be shown here 
that, strictly speaking, a cutoff fulfilling these two con- 
ditions does not exist. 


PROCEDURE 


The procedure adopted here is to introduce specific 
cutoffs into the CN interaction and obtain an essen- 
tially exact solution to the scattering problem by a 
numerical integration procedure. The cutoffs considered 
will be of two types: tensor force “square wells,’’ in 
which the potential is given by 


r/R 
- Mev 
(r/R)? 


P 
V(r) =F 15.25 y2 for r>Pro, 
e ro/R 
V(r) = 15.2S,;.--—— Mev=constant for r<rp, 
(ro Rk)? 


rS \o= 30,: Too: t—r’a,;:0., R=1.6K10~" cm, 


and “hard cores,”’ where 


V(r)= for r<r, 
: ; " (4) 
V(r) = Eq. (3) for r>r. 


The + sign refers to what will be called “attractive” 
and “repulsive” interactions, respectively. The Born 
cross section of course is the same for the two signs of 
the interaction. 
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Fic. 1. Born tensor amplitudes, C(@) [Eq. (A14) ], for singular 
potentials with various ranges [%o= (ro/R) ] of square well cutoffs. 
The radial dependence of the potentials is indicated on the plot. 
x=r/R. 


In attempting to choose a more or less physically 
meaningful cut-off radius, ro, the ‘nucleon Compton 
wavelength” 4/Mc is a convenient guide. Part of the 
motivation for choosing a radial dependence of the 
form e~"/*/r* is its similarity to terms in the phe- 
nomenological interactions predicted by meson theories. 
Such motivation hardly exists at distances as short as 
h/Mc where, for example, the nucleon structure, as 
well as relativistic effects, may be expected to play an 
important role. On the other hand, to introduce a cutoff 
as large as 3h/Mc (about } the meson Compton wave- 
length) more or less abandons the similarity to meson 
potentials. Essentially the same limits on 9 are ob- 
tained by a few rough calculations which indicate that 
a cutoff somewhat smaller than 4/Mc would lead to 
a bound di-proton, and a radius greater than 34/Mc 
tends to destroy the desired isotropy of the cross sec- 
tion even in Born approximation. (The latter point is 
illustrated by a plot of the Born tensor amplitude in 
Fig. 1.) The calculations were therefore carried out 
using a “short range cutoff,” ro~h/Mc, and a “long 
range cutoff,” r9~ 2h/ Mc, for both the square well and 
the hard core. The four cases considered will be denoted 
by the following abbreviations: 


SRSW: short range square well cutoff ; 

Eq. (3) with r9=0.24 10-8 cm. 
LRSW: long range square well cutoff ; 

Eq. (3) with ro=0.48X 10-8 cm. 
SRHC: short range hard core cutoff; 

Eq. (4) with ro= 0.24 107" cm. 
LRHC: long range hard core cutoff; 

Eq. (4) with ro>=0.48X 10°" cm. 


The *Po, *P; and *P2, *F, states for the SRSW case 
were solved by numerical integration and checked by 
iterating the resulting radial functions (using the in- 
tegral equations) to produce the same phase shifts and 
amplitudes to within a few percent. All other states 
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rasve I. Triplet p—p phase shifts at 350 Mev for singular tensor potential with various cutoffs. 
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(Fs *F4, *H,4, etc.) were included in Born approxima- 
tion, with cutoffs ignored. Some details of the procedure 
are given in the Appendix. 

The phase shifts for the LRSW cutoff were then ob- 
tained by a perturbation method using as trial functions 
in the integral Eqs. (A21) the radial functions for the 
SRSW case, except in the *Po state of the “repulsive” 
interaction, which was integrated numerically. (The 
4P,) state is effectively attractive in the “repulsive” 
interaction and repulsive in the ‘attractive’ because 
of a minus sign appearing in the corresponding matrix 
element of the tensor operator Sy.) Inspection of the 
differential Eqs. (A18) and (A19) shows that the effec- 
tive well depth in the */’p state is twice as great and of 
the opposite sign as that of the *P; state. From the re- 
marks following Eqs. (A23) in the Appendix, it is 
apparent that the most important quantity in the 
coupled system is the P-dominant P phase shift. 
Furthermore, in the ?-dominant mode the term 


(e-4¥//y*)3(6) bw 


is asymptotically smaller than the term (e~*"/y")u; from 
the power series expansion it is clear that it also starts 
out much smaller near the origin. Ignoring for the 
moment this coupling term, then, and comparing the 
size of the *P, potential to the *P; and *Po, it is seen 
that the latter are, in absolute value, five and ten times 
as large as the former. Accordingly it is reasonable to 
think that the *P» phase shift in the “repulsive” case 
and the *P, in the “attractive” will exhibit a great deal 
more sensitivity to the nature of the cutoff than will the 
coupled *P2, */, states. The perturbation calculations 
for the long range square well cutoffs indeed show just 
this sort of behavior. The coupled phase shifts in fact 
differ negligibly from those of the SRSW cutoff. 

The foregoing arguments indicate that a fair ap- 
proximation to the hard core cut-off cross sections 
should result from taking the core into consideration 
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only in the *P» and *P, states and using the square 
well cut-off phase shifts in the coupled states. However, 
the following somewhat more refined procedure was 
used which still avoids the labor of repeating the 
coupled numerical integrations. Starting with the un- 
perturbed SRSW solutions, the P-dominant P phase 
shift, 11°, is added to the “hard sphere’? P phase shift, 
tand,"*= +J3(yo)/J_3(vo). 
The nature of the approximation can be readily seen 
by considering a similar procedure for an uncoupled 
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Fic. 2. Differential cross sections (center-of-mass system) for 
triplet p— p scattering (neglecting Coulomb) at 350 Mev using a 
singular tensor potential 15.2S,,e~7/*/(r/R)? Mev with various 
cutoffs. Dotted curves shown Born cross sections, solid curves 
are “exact.” Phase shifts are in Table I. “Short range” means 
ro=0.24X 10-" cm; “long range’”’ =0.48X 107" cm. 
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integral equation (see Appendix for notation) : 


vo “ 
sini f Vanagrdyt f Uyungidy 
0 vO 


= SIN5 yp +SiNb ew, Ore Sp+ Sy, (5) 


where U',=strong repulsion (approximates hard core) ; 
U,=e*, ¥* for y> yo, =e~*”/ yo’ = constant for y< yo; 
trial function u4=exact solution when U,=0; trial 
function u,=exact solution when U,=0; 6,.=phase 
shift for square well cutoff; 6,-=phase shift for hard 
core cutoff ; and 6,"*= P phase shift for hard core alone. 


f Uptogidy 


is neglected. Analogous treatment of 43", a3)’, a3; 
shows that the influence of the hard core on these 
quantities is negligible. The phase shifts 6,3’, 63: (un- 
perturbed SRSW value is 7/2) feel the core somewhat 
more strongly ; however, they may deviate as much as 
20 percent from w/2 without changing the 6,°™ by 
more than a few percent [ Eqs. (A8) ]. 

All hard core coupled PF phase shifts were obtained 
in the manner just indicated; all uncoupled P-state 
equations were integrated numerically. 


RESULTS AND CONCLUSIONS 


Phase shifts and differential cross sections at 350 
Mev are given in Table I and Fig. 2. The “attractive” 
interaction evidently leads to a greater anisotropy of 
the triplet cross section than does the “repulsive,” 
regardless of the nature of the cutoff. The near agree- 
ment of the exact cross sections at 350 Mev with those 
calculated in Born approximation is surprising in view 
of the large discrepancies in the corresponding phase 
shifts. Similar discrepancies at 129 Mev lead to an 
exact cross section much larger than that obtained in 
Born approximation (Fig. 3); apparently, then, the 
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Fic. 3. Differential cross sections for triplet p—p scattering 
(neglecting Coulomb) at 129 Mev using cutoff singular tensor 
potential. Curve A: SRSW cutoff. Curves B, C have cutoffs ad- 
justed to give the *P» phase shifts indicated on the plot. 
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rasie II. Phase shifts for triplet p— p scattering at 129 Mev, 
using repulsive singular tensor interaction with short range square 
well (SRSW) cutoff. 
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close agreement at 350 Mev is accidental. Figure 2 also 
indicates that the greater the “volume” of potential 
removed by the cutoff the greater is the angular varia- 
tion of the cross section; Fig. 1 illustrates the same 
point in Born approximation. 

The SRSW cutoff for the “repulsive’’ case was calcu- 
lated in detail at 129 Mev. The results, Fig. 3 (curve A) 
and Table II, show that the predicted scattering is 
much too great. The trouble comes almost entirely 
from the large *P» phase shift. To investigate the effect 
(at 129 Mev) of modifying the cutoff, attention will be 
restricted to the *P» state. (The arguments of the pre- 
ceding section indicate that the coupled phase shifts 
are only slightly influenced by the nature of the po- 
tential at short range; the */, state is repulsive and so 
obviously insensitive to the cutoff.) A *P) phase shift of 
0.80 (instead of the 1.8 of Table II) yields roughly the 
desired cross section (Fig. 3, curve B). The required 
phase shift can be produced, for example, by the com- 
bination of a square well cutoff at 0.48 10~" cm and a 
hard core of radius 0.24 10~" cm, (or, of course, by a 
hard core alone of radius somewhat larger than 0.24 
xX 10-" cm). The cross section at 350 Mey will then in 
any case lie between that of the SRHC and the LRHC 
cutoffs shown in Fig. 2. 

It is concluded, therefore, that, within the framework 
of the singlet and triplet models adopted by Christian 
and Noyes, something similar to the following triplet 
potential seems to yield the closest approach to the ex- 
perimental cross sections (Fig. 4) at 120 Mev and 350 
Mev: 

en R 
V(r) =15.2S 2 ~ Mev, r>r,;=0.48X10-" cm, 
(r/R)? 
ek 
V(r) = 15.2512 


-Mev=constant, ro<r<r,, (6) 


(r;/R)* 


V(r)= 2%, r<rp=0.2410-" cm. 
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Fic. 4. P— p scattering at 350 Mev, 129 Mev using the cut-off 
singular tensor potential given by Eq. (6) and a square well 
singlet interaction (Christian and Noyes). Coulomb scattering 
neglected. The experimental points at 350 Mev and those at 120 
Mev denoted by @ are taken from Chamberlain, Segré, and 
Wiegand. (See reference 1.) The points, x, at 105 Mev are from 
Birge, Kruse, and Ramsey (see reference 3). 


It is to be emphasized that significance should be 
attached only to the necessary degree of ‘‘severeness” 
(i.e., volume of potential affected) of the cutoff and 
not to its precise nature. 

It should be mentioned that a cutoff sufficiently 
short to increase the *P» phase shift at 129 Mev to 2.2 
is not obviously less desirable than (6) (see Fig. 3, 
curve C); the 350-Mev scattering would be changed, 
but not drastically. The effect of so short a cutoff 
would be more pronounced at some energy less than 
120 Mev where the *P» phase shift will have decreased 
to 7/2. 

By using the potential given by (6), the discrepancy 
with the experimental forward scattering is consider- 
ably greater than originally was indicated by the CN 
calculations. The disagreement seems sufficiently con- 
clusive to justify ruling out a large class of static po- 
tentials for the p— p interaction. The class of inaccept- 
able potentials is by no means exhaustive, however. 
Whenever a strong short range component (e.g., hard 
core) is included in the singlet interaction (thus per- 
mitting large angle scattering), the triplet potential 
acquires several more degrees of freedom since the 
requirement of isotropy may be dropped. In particular, 
triplet central potentials then merit consideration. 


APPENDIX 


The nucleon-nucleon scattering problem for a non- 
central static potential will be formulated and dis- 
cussed. The notation and method of treatment adapts 
conveniently to a description of polarization effects 
carried out in a concurrent paper.® 

The asymptotic form of the triplet state wave func- 
tion can be written'® 


y ™ oy 05 + (er v7) SXine- 


® Don R. Swanson, Phys. Rev. 89, 749 (1953). 
W J. Ashkin and T. Wu, Phys. Rev. 73, 973 (1948). 


(Al) 
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Xine is the triplet spin function of the initial state, 
where 5S(@,@) is the triplet spin scattering operator, 
the matrix for which is given explicitly in terms of the 
complex phase shifts, 6,7", by 


1 
ae dX (2/+1)[exp(2i5,/™) — 1] ]].’™P1(cos6) 
Z1R J.ms,l 


1 0 
A v2 Be-** 


1 
=—|—v2De'* 2E 
4ik 
—V2Be'* A 


—1 m,' ym, 
Ce *% 1 


v2De-i# | 0, 
| <i 


(A2) 
Cee 


A=> [(4-2)A+(241)Al'+(-1) A JP, 
l 


B= ; [Bi —B;“ ]P/, 
l 


1 al+1 1 
== | <A +}———Aj!+-A} | Pe, 
t Ll+1 U(l+-1) l 


l—1 
Atay, 
l(1+-1) l 


al+1 


1+2 
-A jt 
l+1 
E= Li [U+ 1B +18 Py 
A,’ =exp(2i6;":*!) —1 


>| 


B,! =exp(2i6,7°) —1. (A3) 
I[.’™?: is an operator in triplet spin space defined by 
Eq. (A6). Coulomb scattering is neglected. The bound- 
ary conditions of the scattering problem yield also the 
relationship between the complex phase shifts and the 
asymptotic form of the radial wave functions. To ob- 
tain this relationship, first expand the wave function 
of the system in eigenfunctions, ¥/”, of total angular 
momentum J? and J,. Separate the radial from the 
spin-angular dependence by means of the expansion 


yim = >i u," (r) ‘rp, 


where the y,”™ are eigenfunctions of J*, J, and the 
orbital angular momentum L*. The Schrédinger equa- 
tion for the radial functions becomes 

Pu,’ I(l4+-1) 


dr? r 


u,? 


M J+ 
+ ku, ati cated 2m 


h? ves—i 


Vw? (r) uy? =0, (A4) 


where Vy! (r)= (Wi, V(r, 01, o2)~v!™) is independent 
of m. The scalar product denotes an integration over 
the surface of a sphere and summation over spin 
variables. 

For a tensor interaction, the orbital angular mo- 
mentum is not a constant of the motion and V(r, a, @2) 
contains off-diagonal elements between states of the 
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same parity." 


J-1 J J+41 VA 
—2(J—1) 0 6[J(J+1)}#| 7-1 


0 2(2J +1) 0 Bi. 


6CJJ+1)}} 0-242) [F441 
(AS) 


The orthonormal set of spin-angular functions, ¥,"", 
can be expressed in terms of spherical harmonics and 
spin functions by means of the Clebsch-Gordon ex- 
pansion : 

v/"= Y (lsJm|lsmym,) ¥mi'(0, o)x?™ 
mi,me 


and 
Vmi'x*™ => (IsJm|lsmym, pr ™™, 
J 


where m=m,+m,. Detining the projection operator, 
IIe", by 
IT," ¥m—m,'x*™ = (lsJm| ls, m—m,, m,)pr"™, 
so that 
(idm, | 110m, yy2™= TeV ox™, (A6) 


the general expansion for the wave function of the 
system takes the form 


J+1 2 C,™ u1;7(r) 


Jm t=J—1 i= (11Jm|11, m—m,, m,) r 


KT" Vm —mx'™, 


(A7) 


uy? ~ay,7 sin(kr— lx/2+ 6,7). The subscript 7 is summed 
over the two regular solutions to the coupled equation 
in (A4) [see discussion following Eqs. (A20)]. For 
uncoupled states, put C,/"=0. The asymptotic form 
of (A7) is the same as (Al) with S defined by (A2) 
provided that® 

Dy exp(2i6;_17:*") = Ey+-2iLJ/(J +1) |} W 

= (Dy exp(2i6s417"°) *, 


(A8) 
Dy exp(2idy_17°) = Ey— 2i[ (J +1)/J]}}W 


=[Dy exp(2i6s417 +) }*, 
where 


Dy=exp[ —i(8" ya, s+ 8" 341, 441) J 
— a7 y1, 74107 741, 5-1 
Xexpl—i(67 yaa rer +87 41, 7-1) J, 
Ey=exp[i(6? y—1, s-1— 87 341, 341) ] 
— a7 7-1, 54107 741, 5-1 
Kexp[i(57 y-1, 41 — 67 741, s-1) J. 
W =a? y1, 41 Sin(87 ya, p-1— 87 y—1, 341) 
= a7 x41, y—1 SiN(87 745, r41— F741, 5-1), (AY) 
a7 ya y-1 =O" s41, 1 = 1. 
6,/"*= 5," for all uncoupled states. 
 W. Rarita and J. Schwinger, Phys. Rev. 59, 556 (1941). 
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The subscript 7 in Eqs. (A7) here takes on the values 
J—1, J+1 instead of 1, 2. The Wronskian conditions 
(A9) follow immediately from the differential equations 
(A4) or (A20): 


UyUy! — Ugit’ + wwe’ — ww,’ = constant. 


(A10) 
Boundary conditions at the origin require the constant 
to be zero; the asymptotic form of (A10) is (A9). 

In Born approximation, Eqs. (A2) and (A8) become 


Dd (+1) 26™] Pi, 


J lim, 


(All) 


1 
a 
k 


B5 Smo B5,J —¢™ Bg, J, l=J—1,J+1; L=2J—l. 


€y—17 = — € 74179 = 1/€741"* 


= —1/ey-17°=(J/(J+1)]}'. (A12) 


For any linear combination of central and tensor poten- 
tials, with arbitrary exchange dependence, V(r, 01, o2) 
=[—J(r)Si2—J.(r) |[a+bP, }, Eq. (A11) can be written 
in the closed form'® 


Cy Core™‘? Cc 
Cre? ead 2C; —C 
| Ce?‘ —Coe'® C 


3€ 2i¢ 
oe ’ (A13) 


BS = F1+ 


where 
F=aF(6)+6F(x—0)=aF «+0F_; 
M sinKr 
F(0)= — { rel) dr, 
h? Kr 
Ci= —4C,+§ cos6C_, 
C2= (3/v2) sinéC_, 
C3= —$[C,+cosdC_], 
Cy=aCx+bCy=aC(0)+bC(x— 8), 
(Kr) 
Kr 
The procedure for calculating S will be to remove from 
the Born scattering matrix (A13) the first few terms of 
its partial wave expansion (A11), and to replace them 
by the corresponding terms in the exact scattering 
matrix. The result will then correspond to a scattering 
matrix containing explicitly the phase shifts of the 
few lowest angular momentum states and implicitly 
the Born approximation on all higher states. 
S=8S+S’ 
A/'4=exp(216,7 +!) —1— 21 46,7 +'; 
By4 =exp(2i5,7°) —1— 21 46,7, 


£2 


M 
C(0)= — frye) dr. 
hh? 


(A15) 


where S’ is defined analogously to Eqs. (A2), (A3), 
but with 4/7, B/Y replacing A,’, By’. 

For p—p scattering, replace S(0,¢) with S(0, ) 
— S(r—6, o+m). 

The triplet contribution to the differential scattering 
cross section, reduced to terms containing just Legendre 
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polynomials, is 
(da/dQ) tripter= (do /d&2) trip 9" + (da /dQ) 11 
+ (da/d2)c1+(do/dQ)'’ =} Tr(S'S), 
(da /dQ) rip®°"® =} Tr(8St 4S) =32| F |? 
+ 6f7CR+ PC 1? —abC KC, iF 
(da /dQ) 71= — (1/4k) {aC +bCz | 
X [eo(Ao + AoP2) + €(A,P1+AsP3) | 
+[aCx—bCr ILee(vot v2P 2) tocol }}, 
(da /dQ)c1= (1/4k) [LaF e+5F 1 | 
X [eo(Ac®+A2°P2) + €2(AiSP1 + A3°Ps) |, 
(da/dQ)’= (€4/4k?)[ Ao +AyPy+AcP2 
+AsP3+A4P,]=} Tr(S’tS’). (A16) 
€,=1.) (For p—p scatter- 
ing, €9=0, €2=2, €& =1,b=-—1.) 
Ao= — Ao!°+-Ao!! + $Ao!!— (5/2) As + As", 
Ao= — 2Ae!9— Ag!!+5A27!+ As! — 3A2, 
Ay a — A+ 3A," } 3A,7! =~ 2A,7°+3A;3”, 


A3= — 2A;7— 3A,” 
oo = Ao? +2Ao", 
Ao” = 2A," + Ag! +5A2"!+ 3A2°9°+-4A,%!, 
vo= 3A1%+3A:7+A3"— (9/2) Ai", 
vo= 6A ;°—6A;2+9A;°— 4A;"!, 
y= 3Ay'°— 3A"! + 6A,"" = $A," 
— (15/2) Ao?! +343", 
AiO = A1%4+-3A1"+2A,+34;7, 
A3°=3A;7°+ 243". 
No= 4119 +31 + 241+ 3A! +3439" 
+ 2A 3372!+ Apo!” + 2Aoo!!!+ 2A 00! 
+ Ao2!"+ 5Ao0”!-+ 3A? + 4A. 
Ag=4A,,™° } $A," + 9A," +2A1:7°+3A1: 
+6 13!46A13!2+ (12/7) A1s°— (6/7) As 
+ (24/7) Ags"°+ (8/7) Ags™*+-4d02!°+ 2A02"" 
+- 10Ao2'”!+- 6Ao2!*94+- 8Aoo!4!+- 2Ao9!!9— BA," 
+ (25/14) Aos?*!-+ (24/7) Avs*!-+ (24/7) dao” 
+ 5dbos!®!-+ (40/7) 22 — (8/7) ba 
+(12/7)Aoo™, 
Ng= (72/7) Ay3"29+ (48/7) Ais™!+ (18/7) Ags”? 
— (8/7) Aas!+ (40/7) Aos™!+ (100/7) doo" 
+-(4/7)Ao0*!+ (36/7) M22! + (72/7) Ao!” 
+ (18/7) A22%. 
Ay=2Aj09+6Aoi!!!+ 6dr"! +-4.Ao:!9+-4A 19 
+312!" 4-9A 10!! — Boi?! + $Ao19+3A 127! 
+ (48/5) Ai: + (36/5) Ai. 
Ag=6Ay2!2!+ (18/5) Aer!" + (36/5) Aer? 12A12™ 
+64 129+ 12 10!8!+ (12/5) Aro! 
+ (24/5)A12°8°+-4Aog!"+6dos?, 


(For n— p scattering, €9= € 
t anda 


(A17) 
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where 
Ay"! = A,’ 1=I[mA V7, 
Nyt A= AHL AL (Ae )Y 


Si=4 (Bi (Br't')*]. (A17b) 


A,’°=ImB_/", 
The identity Ay17—Ayyi7=By_.7— Bay: follows 
from (A8), (A9). The summation has been carried out 
explicitly over the 45, *Po, *P1, *P2, *Dy, *D2, 3D, and 
3Ff, states. In (do/dQ)’, DF interference has been 
omitted. For p—p scattering, terms which contain an 
even subscript do not appear and (A17) simplifies 
considerably. 

The radial differential equations for which “exact 
solutions were obtained in the present paper will be 
considered now in more detail. 

Let 


” 


U=e—%/y¥ for y> yo, 
= e~2v0/ 0? for ySyo= constant. 
au 2 
———1"+u°=4\U nu; 
dey 
au 2 
— ——1'+u'= —2\Uu'; 


d~ y¥ 
@u 2 


(A18) 


3Po: 


sp; (A19) 


3P,: nonomnameia u=$d\U (u— 3(6)'w); 
| dy? Ya 


(A20) 
dw 12 

3Fy: | ———w+w= grU (4w— 3(6) 4) ; 
de ¥ 


a=1/kR; \=MV R2/h?; P=ME/h?; y=kr. 


The potential V(r) is given in Eq. (3). There are four 
independent sets of solutions, 


" % | us| * 

’ , |? 

Ww We W3 Ws, 

to Eq. (A20). Examination of the power series repre- 
sentation in the neighborhood of the origin shows that 
two of the solutions always vanish at the origin, and 
the other two are irregular and must be discarded be- 


cause of the usual arguments on quadratic integrability 
and conservation of current. The two regular solutions, 


| : | : 

W) We 

will be called a “fundamental set.’’ Any set of solutions 
arising from a linear transformation of the funda- 
mental set will also satisfy all of the boundary condi- 
tions of the scattering problem and hence may be used 
to calculate the complex phase shifts 6,’™. It is not 
difficult to give a plausible argument showing that 
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there ought to be one pair of solutions, 
Uy; ;" 
1 ll 
i 
Wig," 


in which the P-state is dominant, at least asymptoti- 
cally, and another pair, 


Uy U3" 
’ 
W233" 


in which the F-state is dominant. Consider the integral 
equations corresponding to the coupled differential equa- 
tions (A20) and their boundary conditions: 


Uya"(¥) = Aa’gi(y)+ 10) f U (tia? — 3v 630") g dy 


+ $Agi(y) f U (ta? — 3V Otga")g_idy; 
y 


uv 
U3a°(y) =A 3a°f3(¥)+ 2dg_a(y) f l (43? — 3y 6a") g3dy 
0 


+ Bee») f U (413,.?—3y Ota”) g 3 ; 
y 


y ys 
peers ‘far 
¥~°105 


y0 3 : 


gay) = Gary) Je csv); (A21) 


The constants Aq’, A3q’ are arbitrary; the subscripts a 
denote the duplicity of regular solutions and take on 
the values 1,3. The asymptotic form of (A21) yields 


integral expressions for the amplitudes and phase 
shifts: 


A jq?= 1a" COS} a”, 
n 
Qj? SiINd}_?= — af U (tia? — SV Ot3q") gid y ; 
0 
A 3q7= 43a" COS53a”, 


Aza? sind3q°= — af U(4u;," and 3y 61a") gay, (A22) 
0 


where 


Mia’ ~d1a° sin(y—m/2+ 614°), 
Uza’~ 3a? Sin(y— 34/2+ 534°). 


The weighting influence of the g3;(y) term (which is small 
throughout the region in which the nuclear potential 
is large) in the various integrands suggests that the 
“subdominant” amplitudes aj3’, @3;2 might best be 
kept small by placing A,;?=A;3;’=0, which amounts 
to choosing 6;3’=63;"=2/2. In Born approximation, 
for which the free particle trial functions 1,’=@y;°g,(y), 


p-p SCATTERING 


747 


Taste III. Triplet p—p phase shifts and amplitudes at 350 
Mev for singular tensor potential with short range square well 
cutoff (SRSW case). 








bin? ayy as? 53? $a? = 13? 


—0.098 
0.085 
-0.099 
0.099 


0.101 
0.084 
0.099 
0.099 


0.050 
0.077 
0.067 
-0.007 


0.218 
O18 
0.088 
—0.088 


Repulsive exact 
Attractive exact 
Repulsive Born 
Attractive Born 





M13°= U3°=0, M33°=dasga(v) are used, Eqs. (A22) 


become 
2 x 6 ry 
. af U(g,)*dy, Bq, = 8a3,7=-, orf Ugigady, 
5 bs 0 


‘ (A23) 


8 x 
853;°= af U(g3)*dy, 613° = 637° = 9/2. 
Pe) 


0 


85, ?= 


It is evident from the behavior of the functions g,(y) 
and g;(y) that, of the four quantities now describing 
the coupled state scattering (617, @i3°, @:”, 533”), 611° 
might be large but the other three are small. (a,,’ and 
a3; may be normalized to unity since only the ratios 


» 9 o/ 9 
ay3°/a32 and d3;2/a,;* are relevant.) 


In general, wherever a comparison of the exact solution 
with the Born approximation could be made, the latter 
was found to be quite accurate for the three small quan- 
tities (a3", a3)”, 533”), with only 6,,°? showing marked 
deviations. Table III gives the comparison at 350 Mev 
for the SRSW case. 

To integrate Eqs. (A20) numerically, it is convenient 
to start with a power series solution near the origin 
(where the potential is constant). The roots of the 
indicial equations are 


a= 6, 

ag= 2, 

ag==— 1, 

aqe= - 1, 
where 


= Zz. a,*y"* a 
= (A24) 


r 
wi= > da‘ynt®. 
n=O 
The fundamental set of regular solutions can therefore 
be taken” to be 


rt 


= >, aay”**, 


uy= u, logy+ Dd Cay", 
0 (A25) 


n D 
wi= > bay", we=w, logy+ Do day™**. 
0 0 


2. T. Whittaker and G. N. Watson, A Course of Modern 
Analysis (The Macmillan Company, New York, 1946), Chap. X. 
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The recurrence relations are 


dnl (n+6)(n+5)—2]+K an-2+Kb,=0, 
b,[ (n-+4) (n+3) = 12]+ Kobn-2t Kay-4= 0, 


An—4(2n+-3)+C,[ (n+2)(n+1)—2] 
+K,Cy2+ Kd,4=0, 
~-b,(2n+-7)+d,[ (n+-4)(n+3)—12] 
4+Kedno+KCn=0, (A26) 


where 


Ko= Frey? K=+3(6)'Ko; 


K,=1+Ko; K.2=1¥4Ko. 


(Upper sign: “attractive,” lower sign: ‘“repulsive.’’) 


The quantities a) and do are undetermined; the former 
merely defines the normalization and the latter repre- 
sents the arbitrary amount of solution a=1 that may 
be mixed in solution a= 2. 

In some cases the coupled equations were integrated 
on a differential analyzer; in others, a desk calculator 
was used. To check the phase shifts, the resulting radial 
functions were used as trial functions in the integral 
equations. For the uncoupled equations, a method re- 
cently described by Kynch" was used. Its advantage 
lies in the fact that the nuclear phase shift is integrated 
directly, whereas in an integration of the wave function 
most of the effort is “wasted” in obtaining the cen- 
trifugal phase shift. If the quantity tan-'(—1' S(y’)) 
represents the phase shift which would obtain if the 


4G. J. Kynch, Proc. Phys. Soc. (London) 65, 2, 83 (1952). 
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potential for y> yy’ were placed equal to zero, then 
(— 1) dSi/dy= V(girt-Sg_i)? (A27) 


where d*u/dy—I(l+1)u/y+u=Vu. S(y) is either 
monotonically increasing or decreasing depending on 
whether the potential is repulsive or attractive. For a 
square well cutoff, the power series expansion for S(y) 
(P-state) is given by 


S(y) = Soy'+ Soy? + Say? + Sey". 
Let V = e=constant. 


€ 


4 1 
(ses. 3S.+— ’ 
15 525 


S 4™= 
9 


2 1 € 4 
So sons (sot -) ’ S6 =Vo (si 2S oSo+ — So 
21 30 11 35 


4 4 
——S3—4S,—- —). (A28) 
15 42 525 


Within a hard core S(y)=—gi(y)/g_-1(y) (P-state). 
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If a beam of unpolarized nucleons is scattered from a target of unpolarized nucleons, the scattered par- 
ticles are polarized (in a direction normal to the scattering piane) provided that the interaction contains 
tensor or spin-orbit forces. The polarization can be detected by means of a second similar scattering since 
the cross section then contains an azimuthal dependence: 


1(0, &) =1(8)(1+<€ cos¢), 


where (8) is essentially the square of the polarization. Calculations are carried out by the author for a double 
p—p scattering using the tensor interaction described in the preceding paper, and for a double n— p scatter 
ing using the central and tensor potential of Christian and Hart (containing the “half-exchange” dependence 
proposed by Serber). The polarization produced by the first scattering at the optimum angle of @~50° was 
found to vary from 6 percent at 40 Mev to 33 percent at 285 Mev for n—p scattering and from 10 percent 
129 Mev to 15 percent at 350 Mev for p—p scattering. The n— p results (previously published) are consistent 
with the azimuthal asymmetry detected in a double scattering experiment reported by L. Wouters. 


SCATTERING OF A POLARIZED BEAM 


R a single nucleon-nucleon collision in a definite 

initial spin state x,, the intensity of the scattered 
state is given by (Sy,, Sx,), the expectation value of 
StS. S is the 3X3 triplet spin scattering matrix defined 
in the Appendix of the preceding paper'; S (4X4 di- 
mensions) is the same with singlet states included. The 
result of a measurement to which many scattering 
events contribute is necessarily the average expectation 
value of the measured quantity taken over an ensemble 
of all possible initial states of the system. The totality 
of information concerning a system can be expressed in 
terms of the g-dimensional density matrix, p;;‘? 
=> afa(a.*)*a;*, where > ,a,%u; is the wave function of 
the system in the state a, ga is probability of occur- 
rence, and “,; a complete set of expansion functions. 
Following the method of Wolfenstein and Ashkin,?* let 
p™ refer to the initial spin states of the two-nucleon 
system; then the differential scattering cross section is 
given by Tr(o StS). Consider for the moment an 
ensemble of one particle (spin 4) systems; a measure- 
ment of spin will yield the result (o:)=Tr(pe;), from 
which it follows that the (two-dimensional) density 
matrix can be written p®=3[1+(e@,)-e;]. The four- 
dimensional density matrix describing a spin state 
ensemble of two-particle systems is given by the 
“direct product’ of the density matrices for the one- 
particle ensembles, provided that the states of one 
particle are not correlated with those of the other: 


p(1, 2)=p?(1) XK p®(2), 


* This work was performed under the auspices of the U. S. 
Atomic Energy Commission. 

t Now at Hughes Aircraft Company Research and Develop- 
ment Laboratories, Culver City, California. 

1 Don R. Swanson, Phys. Rev. 89, 740 (1953). The notation of 
this reference will be used throughout. 

?L. Wolfenstein, Phys. Rev. 76, 541 (1949). 

3L. Wolfenstein and J. Ashkin, Phys. Rev. 85, 947 (1952). 

4H. Weyl, Theory of Groups and Quantum Mechanics (Methuen 
and Company, Ltd., London, 1931), Chap. IL. 


or 

(eo ajay = (o(1) Jie Lp? (2) Jay. 
Hence, 

p= 4(1+ (o,)-@1) X (1+ (@2)-@2). (1) 
The differential cross section for a beam of particles of 
polarization P,= (@,)//; scattered from an unpolarized 
target (o.)=0 is therefore given by 

Tr(p ‘ StS) = 110 Tr( StS) +} (o,) Trio, X 1S'S) 
=], Tr(StS)+}(e,)-Tr(@S's), 


(2) 


where @ is the triplet spin operator and J the intensity 
of the incident beam. The second equality follows from 
the absence of matrix elements in S between triplet and 
singlet states; hence the latter do not contribute to the 
“polarization term” }(e,)-Tr(@StS). 

For an interaction of the form 


[A (r) +o; -o2B(r) lLa+bP, |, 


S is proportional to the (triplet) unit matrix and so the 
polarization term vanishes. In the case of a tensor or 
spin-orbit force, it follows from Eq. (A2)' (or can be 
proved by symmetry arguments®) that the polarization 
term in Eq. (2) is nonvanishing and proportional to the 
component of polarization of the incident beam normal 
to the scattering plane. Detection of an azimuthal 
dependence of this type in the nucleon-nucleon scatter- 
ing cross section would therefore constitute direct 
evidence for the presence of noncentral forces. The 
problem now to be considered is that of producing the 
incident polarized beam of high energy (S states alone 
do not contribute to polarization) nucleons. 

If an unpolarized beam strikes an unpolarized target, 
the polarization of the scattered beam is given by 


(Sx, aSx,)/(Sx:, Sx) = Tr(@SS*)/Tr(SS'), 


where p“)=}1 is the density matrix describing the 
initial system. A proof, based on the transformation 


5 L. Wolfenstein, Phys. Rev. 75, 1664 (1949). 
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Fic. 1. Coordinate axes for double scattering problem. 


properties of S, that 
Tr(aSS')=Tr(@Sts) 


has been given by Wolfenstein and Ashkin.* An alge- 
braic tour de force, however, using the form (A2) 
(reference 1) for S, yields the equality 


tané cos 


Tr(o,S'S) 
4k 


Tr(a,SS') 


XImS ol PoP +I(I+ DP aA sai? — Agr”) 


By_,/) [A—E-C]=0, (3) 


(Bay1? 
which vanishes immediately for purely central or $-L 
forces (uncoupled, therefore 6,/"*=6,”) and does so for 
tensor forces as a consequence of the Wronskian condi- 
tions (A9), (A17b), reference 1. 

If the z, direction is taken as that of the incident 
beam, then Tr(oz.S'S)=0 may be readily contirmed. 
Placing the x, axis in the scattering plane, (¢?,=0), the 
polarization is given by 


(6) 
1)" 
/, = i Tr(S,tS)), 


Piy,(0;, i =Q)= Tr(omS1'S))= 


Of; 
Pr = P2 =(); 


where the subscripts 1 will be used throughout to denote 
the first scattering. 

In the first scattering, introduce the subscript (8) to 
represent the particles originally in the incident beam, 
and (/) to denote those from the target. The polariza- 
tion of the two scattered beams is the same: 


Tr(1Xo,S'S) = (e,) = 


Tr(o,X 1S*tS) ( ) 
> 
} Tri@Sts). 


(Oh, 


The nucleons emerging at some laboratory angle 
(©, ®) will be used to form the incident beam for a 
second scattering. If particles (6) are to be used, the 
center-of-mass angles are 6= 2© and ¢= 9; for particles 


SWANSON 


(1), however, 6=2x—20 and @=+7. Consider, for 
example, the experiment of Wouters® in which incident 
protons produce a neutron beam by means of a (f, m) 
reaction. The (p,m) collision is described by S(6, ¢), 
and the polarization of neutrons observed at ©, ® is 
(a1)(0,)/1(0) where 6=x—20 and @=6+n7. The 
scattering matrix itself carries all information on the 
exchange nature of the interaction. In the case of two 
protons the S matrix is antisymmetric, so it is of course 
immaterial whether @= 20, ¢= 9% or 9=2—20,6=0+7 
is used. 

The subscript 1 will be used hereafter in place of (6) 
or (¢) to indicate that the operator in question refers 
to once-scattered particles which form an incident beam 


for the second scattering. 
THE DOUBLE SCATTERING PROBLEM 


The coordinate system for the second scattering 
(x2Ve32) is obtained by rotating (x,y:2,) about the y, 
axis until the z axis lies along the new incident beam 
(Fig. 1). Hence Py,;= Py. is unchanged and represents 
(in the form of (o,)) just the quantity that must appear 
in the density matrix for the new initial state 


p® =p:®) X p.® =1(14+-(e,)-01)X(14+(e2)-@2). (6) 


The subscript 2 refers to particles of the second target. 
The latter is supposed to be unpolarized, so that (o2)=0. 
The differential cross section for the second scattering 
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Fic. 2. Values of Q(6)=3 Tr(o,S'S) for p—p scattering at 
(lab. system) energies of 350 Mev, 129 Mev. @=scattering angle 
in center-of-mass system. The interactions indicated (cut-off 
singular tensor) are those for which cross sections were computed 
in reference 1 (Figs. 2, 3). 


®L. Wouters, Phys. Rev. 84, 1069 (1951) 





POLARIZATION EFFECT 


is obtained from (6), (2), (3), and (4): 


(da/dQ)2= J(0;, 92, be) = 1,(0;)Io(82) 
+01(81)02( 02) COSHo. (7) 


7,(6;) and J2(@2) are the differential cross sections with 
polarization terms omitted. 

In the case of p—p scattering, or n—p scattering 
with exchange dependence 1+/,, so that interaction 
occurs only in orbital angular momentum states of the 
same parity, then the condition 


(S'TS)(0, &) = (S'S) (a — 0, +9) 


implies Q(@)= —QV(r—8@) so that Q(r/2)=0. The con- 
tribution to the polarization at 6=2/2 must therefore 
come exclusively from odd-even interference terms; the 
possibility of such a measurement suggests a test of 
the 1+ P, dependence proposed by Serber. 

Ignoring for the moment the fact that the second 
scattering occurs at a somewhat lower energy than the 
first, and assuming the two involve the same types of 
particles (i.e., both n—p or both p— p), then the meas- 
ured ratio at the optimum angles 6;=62= @nax is 


J(¢2=0) 14+(0/1)? 
otic ae (8) 


"die ) 1—(QO/T? 


Barring a somewhat remarkable dependence of Q(@) on 
energy, a ratio greater than 1 should in general be ex- 
pected as the experimental result whenever 0;~ 62. A 
relationship which led to Eq. (3), 


v2(B—D)cot@—(A—C—E) 
= Pol PrP +I (I+ Pa JOA s417— Agr’) 
—(By,,7—By 17) J=0, (9) 
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Fic. 3. Values of Q(@)/1.(@) for p—p scattering at 350 Mev. 
/,(8) =triplet cross section. Polarization is given by 
Q(4)/(1(0) +1,.(8) J; 

7 ,(0) =singlet cross section. The function plotted hence represents 
the polarization at those angles (@>50° for Christian and Noyes 
model) for which singlet scattering is negligible. The interactions 
indicated (cut-off singular tensor) are those for which cross sec- 
tions were computed in reference 1. 
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Fic. 4. Values of (8) = 4 Tr(o,S'S) for n—p scattering at the 
energies indicated. The interaction used is that of Christian and 
Hart. A similar plot of polarization (Q//) is given in reference 7. 


can be used to simplify appreciably the form of Q(@) 
by eliminating A—C. 


€ 
0(6) =—Im(E'(B'+ D’)*+D"B’ cot] 
8k 
€2 
+—(C,+F)®(B+ D) =0'+0r7. (10) 
Ak 


€2, «4 are detined in Eq. (A17) of reference 1. 
RESULTS AND CONCLUSIONS 


For p—p scattering, ()(9) is plotted in Fig. 2 for all 
cases considered in reference 1 except the long-range 
hard core model which has been omitted because the 
coupled phase shifts were found only roughly. The 
dominant term of Eq. (10), which alone yields a value 
of Q(@) correct to within 50 percent or so is quite simple; 
for singular potentials (Cx—C_z) is very small, so that 
(’>V1; only P states have been kept: 


O(6) =~ Im{ By*By+3(A {!-—A 1?) ]} P2'(cos@). (11) 


The importance of obtaining accurate values for the 
coupled *P2 phase shifts is clear; even rigorously there 
is no contribution to the polarization from the *P» and 
*P, states alone. The polarization, 

P(0, 6=0) =Q(0)/T(8), 


is plotted in Fig. 3; the value of /(@) was taken in all 
cases to be the predicted triplet cross section for the 
potential model used; that is, the singlet scattering is 
assumed negligible for > 50°. If, instead, it is assumed 
that singlet scattering can be introduced in such a way 
as to bring the cross section in each case up to the ex- 
perimental value of 4 millibarns, then Fig. 2, rather 
than Fig. 3, shows more clearly the dependence of 
polarization on choice of cutoff. With the potential 
given by Eq. (6) of reference 1, the polarization (at 
650°) is 10 percent (R~1.02) at 129 Mev and 15 
percent (R= 1.05) at 350 Mev. 

For n—p scattering, the tensor and central inter- 
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action of Christian and Hart (containing the “half- 
exchange” dependence proposed by Serber) is used. In 
Fig. 4, Q(6) is plotted for energies of 40, 90, 200, 285 
Mev. A similar plot of the polarization Q(0)/7(@) was 
given in an earlier report.’ A comparison of Q(@) with 
Q/T illustrates the point that /(@) alone carries almost 
the entire energy dependence of the polarization. 

if odd-state forces were introduced into the triplet 
n—p interaction (by changing the 1+ P, dependence), 
the polarization could be considerably larger because 
of the contribution from S— P interference: 
Osp= (1/8k*)Im{ Bo BY — B® 

+3(AP~—A;') }*}siné. 
7™Don R. Swanson, Phys. Rev. 84, 1068 (1951). 


(12) 


PHYSICAL REVIEW 


VOLUME 89, 


SWANSON 


To obtain some idea of the magnitude of this term, 
suppose the same amount of triplet odd-state interac- 
tion were introduced into the n— p Hamiltonian as was 
used for the p—p interaction in the preceding paper.! 
Interpolating the p—p phase shifts to obtain rough 
values at 200 Mev, the result is Osp~0.5 sin@ milli- 
barns leading to R(m/2)~1.03. Hence, although the 
asymmetry is appreciably influenced by the presence 
of odd states, the quoted uncertainty in the experi- 
mental results of Wouters® is too great to permit any 
sharp conclusions to be drawn on the question of the 
exchange dependence of the n—p interaction. The 
desirability of further experiments on n—p double 
scattering is, however, indicated. 
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Isomeric Transitions in Tc®’ and Tc**t 


Harry T. EasterpAy AND Hernricu A. Mepicus* 
Radiation Laboratory, Department of Physics, University of California, Berkeley, California 
(Received October 31, 1952) 


The 390-key y-line reported to be associated with Tc” is found to be Tc® and is shown to be a M4 iso 
meric transition. Mass assignment to Tc* is made for the isomeric transition previously known to have 
34.4-kev energy and 51.5-minute half-life, and a weak positron branching was found. 


ASS assignment of the many technetium activi- 

ties which are usually produced by irradiation 

of molybdenum is quite difficult because the latter 
element has seven stable isotopes of roughly equal 
natural abundance. From the standpoint of nuclear 
shell structure, knowledge of these activities is of par- 
ticular interest since according to this model, tech- 
netium with 43 protons lies in a region of isomerism. 
Until now characteristics of isomeric transitions were 
known for the odd-even isotopes 95, 97, and 99. This 
report concerns isomeric states in the nuclei 93 and 96. 
The three strongest activities produced when en- 
riched Mo® is bombarded with protons of energies be- 
tween 5 and 10 Mev decay with half-lives of 4.5 
minutes, 43.5 minutes, and 2.7 hours.’ At the proton 
energies used (p,m) and (p, y) reactions are the most 
probable, so the activities are expected to be associated 
with Tc” or Tc*. In order to attempt to fix the mass 
of the 390-kev y-transition of 43.5-minute half-life as 
being Tc”, the activity was produced by two addi- 
tional separate reactions. Thresholds calculated from 


t This work was supported by the U. S. Atomic Energy Com- 
mission. 

* Fellow of the Swiss Arbeitsgemeinschaft fiir Stipendien in 
Mathematik and Physik, now at Massachusetts Institute of 
Technology, Cambridge, Massachusetts. 

1 FE. E. Motta and G. E. Boyd, Phys. Rev. 73, 1470 (1948). 

2D. N. Kundu and M. L. Pool, Phys. Rev. 74, 1775 (1948). 

3 Medicus, Preiswerk, and Scherrer, Helv. Phys. Acta. 23, 299 
(1950). 


the empirical mass formula‘ for (d, ) and (d, 2m) re- 
actions on Mo” are —2 Mev and +10 Mev. The 390- 
kev line was observed in 1-mil molybdenum foils 
throughout the full range of 20-Mev deuterons; how- 
ever, it could not be produced with neutron bombard- 
ment on the same type of foil. Thresholds for (a, 4) 
and (a, 5”) on Nb®™ are calculated to be 34 and 45 
Mev, respectively. The activity was found to be pro- 
duced in slight amount with a’s between 39 and 40 
Mev. Although this evidence cannot be considered 
conclusive, it appears to indicate that the 390-kev line 
is Tc® instead of Tc” as previously reported. 

The multipole order of the 390-kev line was deter- 
mined by measurement of the A/Z ratio and the con- 
version coefficient. The activity for the multipole 
order measurements was produced by bombardment of 
enriched Mo” with 9.5-Mev protons from the 60-inch 
cyclotron and the activity observed in a 6-spectrometer. 
Chemical separation of the Tc activities was made by 
heating the bombarded molybdenum oxide in a glass 
tube open at one end. By controlling the temperature, 
the technetium oxide can be made to condense in the 
cooler part of the tube whereas the less volatile molyb- 
denum oxide is not affected. The activity is removed 
with a drop of dilute ammonium hydroxide and mounted 
on a thin Tygon foil. Figure 1 shows the K- and L- 


4E. Fermi, Nuclear Physics (University of Chicago Press, 
Chicago, 1950), p. 7 
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conversion lines measured with a double focusing spec- 
trometer of 1 percent resolution. It was not possible to 
separate the Z and M lines. The result of the K/(L+M) 
ratio is 5.8+0.3. Determination of the conversion co- 
efficient was made with a lens spectrometer by measur- 
ing the intensities of the conversion electron line and of 
the photoelectrons from a uranium cony,rter. The con- 
verter efficiency was determined using the 390-kev 
K-line of Sr*? which Mann and Axel® have shown to be 
an M4 transition. Taking the theoretical K-conversion 
coefficient of 0.194 from the new tables of Rose et al.® 
for the Sr*’ isomer, the K-conversion coefficient for 
Tc® is 0.31+0.07. This is in good agreement with the 
theoretical value of 0.295 given by Rose for magnetic 
2‘-pole emission at this energy and Z value. The meas- 
ured K/ZL ratio is within experimental error on the 
curves given by Goldhaber and Sunyar.’ The half-life 
of 43.5 minutes is too small by a factor of at least three 
to agree with the empirical formula of Goldhaber and 
Sunyar even if one assumes that the initial state has 
spin 4. Since the decay scheme of Tc® is not known at 
present, it is possible that the apparent half-life is 
shortened by competing processes, A-capture and 
positron emission. 

An isomer of 51.5+1.0 minutes half-life and 34.4-kev 
transition energy is produced among the other activities 
formed by the irradiation of isotopes of natural molyb- 
denum.’ Until now it has not been possible to assign 
this isomer to a given Tc isotope. The obvious solution 
of assigning this activity to the positron emitter Tc”, 
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Fic. 1. K- and L-conversion electrons from the 390-kev 
transition in Tc, 
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TABLE I. Relative counting rates for different Tc isotopes pro- 
duced by proton bombardment of enriched Mo isotopes. 








Te Te? 
90-day 
96-kev 
K-line 


lsomer Tc® T™ Te 

$1.5-min 43.5-min §2.5-min 20-hour 104-hour 

34.4-kev 390-kev §*-spectrum 762-key 842-kev 
L-line K-line at 835 kev line line 


Enriched 
isotope 





Mo*# 
Mo" 
Mo” 
Mo” 
Mo?’ 
Mo” 
Mo!” 
Natural 
Mo 


0.19 
0.31 
0.22 
0.18 
0.28 


1000 =: 1080 170 0.32 0.32 
1900 3.6 5400 0.69 
1000 58 K 4.4 
1000 0.050 
1000 

1000 0.80 0.28 

1000 3. 3 6.19 0.16 0.30 
1000 ! 1.1 


0.08 
0.017 
20.0 





which has a half-life (52.5+1.0 minutes) within the 
experimental error of that of the isomer, has been 
proved incorrect.’ 

By bombarding enriched molybdenum oxides* with 
9.5-Mev protons, it has been possible to fix the mass 
number of the isomer. Only activities produced by (p, ) 
processes are important at this energy. The F!%st- 
activity of 0.64-Mev maximum energy produced by 
O'§ did not interfere with the measurements since a 
helical baffle could be used in the spectrometer to block 
all positrons. The intensity of the L-line of the isomer 
was compared in each sample with intensities of known 
lines of Tc isotopes 93, 95, 96, and 97 and the positron 
spectrum of Tc” at 835 kev. No comparison of Tc” 
and Tc! could be made, since the energy and half-life 
of these activities are not known at present. Table I 
gives the relative counting rates with that of the isomer 
normalized to 1000. All values are corrected in time to 
the end of bombardment (asa rule, 1} hour in duration). 
It will be noticed that among the ratios for the various 
isotopes, only those for Tc®* give a reasonably constant 
value. 

Tc alone was produced by irradiating Nb® foils 
with a-particles of 13.5 and 15 Mev. These energies 
were chosen in order to suppress the (a, 2m) reaction 
which at 17.5 Mev was found to have a small cross 
section compared to (a, m). In both cases the L-line 
of the isomer was observed. As a further proof that the 
activity is not associated with the positron emitter 
Tc™, the isomer was produced with 3.5-4.0 Mev pro- 
tons from the Radiation Laboratory electrostatic ac- 
celerator on natural molybdenum. According to the 
decay scheme,’ the (p, 2) threshold energy required to 
produce the Tc™ activity is at least 5.1 Mev. 

It appears that the ground state of Tc® and the 
isomer are formed by bombardment in amounts of 
comparable magnitude. This results from knowing the 
number of L-conversion electrons for the isomeric 
transition along with the number of K+-ZL electrons for 
the three 0.8-Mev transitions in cascade. By consider- 
ing the K/L ratio of the isomeric transition, the ab- 


§ The degree of isotopic enrichment estimated by comparing 
line intensities with those of natural molybdenum varied between 
80 percent and 90 percent. 
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Fic. 2. Decay scheme for Tc*. 


sorption in the counter window (0.4-mg/cm* Nylon), 
and the decay, and by assuming that all three 0.8-Mev 
y-rays have conversion coefficients corresponding to E2 
transitions,’ one should be able to find the ratio of the 
number formed in the ground state to the number 


formed in the isomeric state. However, this result is 
subject to a large error due to the difficulty in making 
counter window and backscattering corrections at the 
low energy of the isomer. 

If one assumes that the isomeric state decays ex- 
clusively to the ground state of Tc** with no branching 
in the form of positron emission or K-capture, an in- 
crease in the 104-hour activity should be observed 
immediately after bombardment. Attempts to observe 
this increase with one-hour bombardments of Nb foils 
with 18-Mev a-particles were not successful because the 
intensity of the sources was too small. It is not possible 
to observe the increase by bombarding enriched Mo*® 
with protons because the 20-hour Tc® produced from 
Mo* contamination is strong enough to mask any 
increase in the 104-hour activity. Branching from the 
isomeric state was found to occur by observing with a 
trochoidal analyzer a 51.5-minute positron activity in 
the separated Tc activity produced by 17-Mev a’s on 
Nb. At this energy the (a, 3”) reaction leading to the 
52.5-minute positron emitter, Tc™, is excluded. By 
comparing the intensity of these positrons with the 
104-hour activity, it can be concluded that there is 
roughly one positron for each 10 transitions to the 


® P. Preiswerk and P. Stahelin, Helv. Phys. Acta 24, 300 (1951). 
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ground state. Although it was not possible to measure 
the maximum energy of the positrons directly, some 
estimations can be made. The branching ratio of the 
K-capture from the Tc®* ground state to the two upper 
states of Mo* is known (Fig. 2). If one assumes that the 


/t values of these two transitions are equal, one can 


establish the energy difference between the Tc®* and 
Mo" levels and thus determine the maximum positron 
energy from the isomeric state as being about 400 kev. 
The only allowed positron transition from the isomeric 
state is to the second excited state of Mo®®. Another 
estimate can be made by using the (p, m) threshold for 
Mo* of 3.8+0.3 Mev found by Blaser et al.'° This also 
leads to a value of 0.4+0.3 Mev for the maximum posi- 
tron energy. At this energy the K-capture to positron 
ratio given by Moskowski" is 50 to 1, so that the 
branching ratio for the isomeric transitions to K- 
capture plus positron emission is in the order of 200 
to 1. Since the ratio of half-lives of the ground state to 
isomeric state is 120 to 1, the expected increase in the 
104-hour activity is more or less compensated by direct 
decay. 

The modified decay scheme for Tc** is shown in Fig. 
2. The dotted lines indicate weak cross-over transitions 
of 1.65, 1.89, and 2.39-Mev energy reported by Boyd 
and Ketelle.’* A spin of at least 7 must be assigned to 
the ground state in order to be in agreement with the 
data for the 104-hour activity (i.e., no strong cross-over 
transitions in the triple y-cascade, no positron emission, 
no direct transitions to the ground state). The half-life 
of 51.5 min and K/L ratio of 1.2+0.3 allow the assign- 
ment of a magnetic 2-pole y-ray to the isomeric transi- 
tion and a spin of +4 to the excited state. Since Tc 
contains an odd number of both neutrons and protons, a 
high spin value is not unreasonable. A proton in the 
9/2 State and a neutron in the g72 state as given by the 
shell model'*® for the 43rd proton and 53rd neutron 
might add to a spin of 7. One interpretation of the spin 
of 4 for the excited state would be that the proton re- 
mains in the gz state while the neutron goes over into 
a Si/2 State. 

We wish to thank Professor A. C. Helmholz for 
helpful discussions and Professor M. Goldhaber, who 
suggested the work with the 390-kev line. We wish also 
to thank G. O’Kelley for his cooperation in the use of 
the 8-spectrometer and Bernd Crasemann for the 
trochoidal analysis. Thanks are due G. B. Rossi, R. D. 
Watt, and the crews of the 60-inch cyclotron and proton 
linear accelerator for the many bombardments. 
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Certain Explicit Relationships between Phase Shift and Scattering Potential 
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An intuitive account is given of recent important results of Gelfand and Levitan for the determination of 
the potential in the one-dimensional Schrédinger equation from the S-phase shift, the bound states, and 


certain normalizing parameters. 


The method is then used to obtain the first variation in the potential corresponding to a small change 
in the phase shift, bound states, and normalizing parameters. 





I. 


HE determination of the potential from a given 
S-phase shift has been considered in a number of 
recent papers. For particulars see the introduction and 
references of Jost and Kohn.' The method of Jost and 
Kohn for constructing a potential from a phase shift 
has much to commend it. However, as the authors 
point out, it has a limited range of convergence, and of 
necessity is ambiguous in case bound states occur. 
Here methods developed recently by Gelfand and 
Levitan? for the determination of the potential from 
the spectral function will be presented in intuitive 
form. These methods introduce a number of quite new 
ideas which are of great interest in themselves. 
The problem may be described as follows. The 
Schrédinger equation, 


¢” +k o=Vir)o, 


is considered over the interval 0<r< «. It is assumed 
that 


(1) 


f r|V(n)|\drma, j= 


Let $(k, r) be the resolution of (1) satisfying @(k, 0)=0, 
¢'(k, 0)=1. It is well known that as r->~ and for real 
k>0 


$, 2: 


— |S) 
o(k, were — sin[kr+ n(k) ], (2) 


where n(&) is the phase function and /f(&) is f(k, 0) = g(k) 
as given in Jost and Kohn.! Let ikj, ---, ik» denote the 
values of k for which there are bound states of energy 
—k;, ---, —k»?. That m is finite has been shown by 
Levinson.’ The eigenfunctions associated with the 
bound states are $(7k;,r), 7=1, , m, and will be 
denoted by ¢;(r). 

The expansion theorem associated with the eigen- 
value problem states that, for any suitably restricted 
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function F(r), 


F=> citn| f Poe (rar | 
0 


=!1 


72° FF - 
- {| ——otk,n] | Folk, dr lak, (3 
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where f(k) is as given in Eq. (2) and the c;! are the 
normalizing factors for ¢,(r). 

Let #=X and let o(k, r)= (V/A, r) be denoted by 
y(A, r). Let p(A) be a monotone nondecreasing function 
which for \<0 is constant except for jumps at \= —/, 
the magnitude of each jump being c;. Let p(0)=0 and 
let . 


vi 
p( 


1 » 
\)= f- a 
mJ | f(r) |? 


for \>0. Then Eq. (3) becomes 


Fo f rwr( f P(p)y(d, Pdr do). (4) 


The problem of determining V(r) when 9(&) is given 
has been shown by Bargmann‘ not to have a unique 
solution. It has been shown by Levinson® that if no 
bound states exist 7(k) does determine V(r) uniquely. 
Jost and Kohn! showed that this uniqueness proof could 
be extended to the case where bound states exist, 
providing the normalizing factors ¢,, are also 
given. 

Suppose now that (k), tkj, and c;, 7=1, -+-, m are 
given. Then proceeding as in Jost and Kohn,! §2, f(k) 
may be found. Once f(k) is known, p(A) as defined 
below Eq. (3) is completely determined. The function 
p(A) is known as the spectral function. It will be shown 
how p(A) determines V(r) explicitly and uniquely. 


“*tm 


Il. 
This section will develop the motivation for the 
method of Gelfand and Levitan.? 


*V. Bargmann, Phys. Rev. 75, 301 (1949); Revs. Modern 
Phys. 21, 488 (1949). 
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The function $(k, r)= (A, r) is written in the form 


sinkr r sink 
PP alt f K(r, )—de. (5) 
k 0 k 


It must now be shown that K(r, &) exists. Integrating 
Iq. (5) by parts twice yields 


k'p=k sinkr— K(r, r) coskr+ K(r, 0) 


ae ok 


OK(r, ” sinkr OK sinké 
i 
Ok r 0 


Computing ¢” directly from Eq. (5) and using the 


above result, it is found that 


sinkr qK(r, r) 
o' +k p=2 + K(r, 0) 


OK (r r, §) °K (r, &)\ sinkt 
J a ae ee 
ar? : k 


By qs. (1) and (5) the right side above must be equal 


to 
sinkr , sink 
V(r) + vin) f K(r, §)——4dé. 
r k 

This will be true if, for O<E<r, 
?K/dr°—#K/dP = V(r) K(r, &), 


and the boundary conditions 
K(r,0)=0, K(r, n=3f V(r)dr, (7) 
0 


hold. If the range O< E<r is replaced by —r<é&<r, r>0 
and the boundary conditions by 


r 


K(r,r)=—K(r, —r)= if V (r)dr, 
0 


then the problem is the standard one of solving a linear 
hyperbolic partial differential equation with boundary 
conditions prescribed on two intersecting characteristic 
curves. Thus A(r, &) is determined. 

In case V(r) =0 then it is readily seen that the p(A) 
in (4) becomes 2A!/(3x) for \>O and zero for \<0. 
The p(A) for (1) is written as 


p(\) = 2A8/34+ (A), 
p(A)=a{A), A<O. 


A>0 
(8) 


In much the same way as Eq. (5) is justified it can 
be shown that there exists a Ko(r;, &) such that 


sinkr; 


== ok n+ f Kolrs, Sok, dé. (9) 
0 


LEVINSON 


Recalling that k#®=X, and that 


f o(k, 71) 6(k, r)dp(A) = 6(r—1), 
where 6 is the Dirac function, it is seen that 

pe 

J o(k, r)b(k, ri)dp(A)=0, rr. 


If this is used in Eq. (9) there results for r>r,>0 


* sinkr; 
f “. -$(k, r)dp(rX) = 0. 


— 


Then if one refers to Eq. (5), this implies that for 


r>r,>0 


” sinkr sinkr; 
f- —d p(X) 
2 


. * sinké sinkry 
+f K(r, de f —_————— p(X) = 
0 —x k? 


If Eq. (8) is used in the above equation in conjunction 
with the fact that 


* sinkr sinkr, 2a} 
f- acres ‘d(—)=ar—n), 
4 Be 3m 


there results for r>r,>0, 


” sinkr sinkr; 
f —da(X) 


+f Ko, K(r euef 
+K(r, r,)=0. 


1 rf” 1—cosku 
-f ————doa(d)= P(u). 
? k? 


+ —m 


sinkg sinkr; 
——da(X) 


(10) 


(11) 


Then 


&(r—r,)= 


* sinkr sinkr, 
" f aii 
Rk? 


x 


P(r+r,)— P(r, 71) 


Thus (10) becomes 


P(r, rtf K 


From continuity considerations this holds for O0<1<r. 
It is (13) which forms the point of departure for the 
determination of V(r) from p(A). It is clear from (12) 
that P(r, r1;)= P(n, 1). 


(r, ) P(E, n)dt+K(r, 1)=0. (13) 





PHASE SHIFT AND 


Ill. 


Suppose now that p(A) is given. Then o(A) is deter- 
mined by (8), and thus P(r, r;) from (11) and (12). It 
is clearly the case that for each fixed r>0, Eq. (13) is 
a Fredholm equation with K(r,r,;) as an unknown 


function of 7. 
It will now be shown that the homogeneous equation, 


f P(r, #)h(E)dE-+M(rs) =0, 


0 


has only the null solution, 4=0. 
Let 


1-f f P(r, pnehiriaedrt f h?(r,)dry. 
0 0 0 


Clearly /=0. By using (12), it is found that 


* sinkr, sinké 
P(r, p-f — —da(n) 


Zz 


* sinkr, sink 
-f Pry —dp(d) — 6(r1— ). 


—2 


Thus 


rep’ * sinkr, sinké 
r= ff me@nerodsan f — dp(X) 
| 
0 0 


—oe 


= ff mantener paint f h®(r,)dry. 
0 0 0 


Or, since the last two integrals are equal, 


T h(&) sinké : 
-f (f dt ) dp(Q). 


—2D 
Since 


1 r 
f h(&) sinkédé (14) 


is an entire function of \ and since p(A) has a continuous 
spectrum for A>0, it follows that 7/>0 unless (14) is 
identically zero. This last implies h() =0 so that indeed 
the homogeneous equation has only the null solution, 
and thus by the Fredholm theorem the nonhomogeneous 
integral equation (13) has a unique solution, K(r, r;). 
If it is assumed that &’’(1) exists, then it can be shown 
that the first and second partial derivatives of K(r, 1) 
exist. As suggested by (7) let V(r) = 2dK(r, r)/dr. Then 


SCATTERING 


POTENTIAL 757 
o(k, r) given by (5) satisfies (1), and p(A) is the spectral 
function of (1) with boundary condition ¢(k, 0)=0. 

In summarizing, it is found that a knowledge of the 
phase function »(%), the bound states ki, ---Rm, and 
the normalizing factors ¢;, ---cm determines the spec- 
tral function p(A). By Eq. (8) this determines o(A). 
From o(A), &(«) is determined in Eq. (11), and P(r, 11) 
by Eq. (12). The function K(r,’r;) is then determined 
from the Fredholm equation (13) for 0<r,;<r. The 
variable r appears in the Fredholm equation as a 
parameter, and thus the determination of KA(r, 7) 
computationally may be a long process. Once K(r, r;) 
is found, V(r) is given by 2dK(r, r)/dr. 


IV. 


Suppose the potential V(r) corresponding to a given 
spectral function p(A) is sought. Let po(A) be another 
spectral function, and suppose its potential function 
Vo(r) is known or has been determined. Then what is 
the relationship between V(r)— Vo(r) and p(A)— po(A)? 
The case treated above corresponds to Vo(r) =0. 

Let ¢o(k, r) denote the solutions of Eq. (1) where V 
is replaced by Vo. Let p(A)—po(A)=o(A). Then the 
same argument as used above, for the case Vo(r) =0, 
shows that 


V(r) — Vo(r) = 2dK(r, r)/dr, (15) 


where K is the solution of 


K(r, r,) + Por, r;) +f K(r, £)Po(é, r,)dé=0, (16) 
and : 


Po(r, r1) -f dolk, r)bo(k, rijda(A). 


If p(A)—po(A) is small, then Py is small and as a 


first approximation, Eq. (16) yields 


P(r, r)). 


K(r, ry)~— 


In Eq. (15) this gives 
V(r) = Voi~—4f golk, r) do (k, r)da(X), 


or, if V— Vo=46V and p— po= dp, then 


x 


6bV(r)~ if o(k, r)b'(k, r)d(bp(d)). 


—2 


These formulas are, of course, only approximations 
which neglect terms of higher order than the first in 


6p(A). 
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A measurement of the plus/minus ratio for the production of pions by alpha-particles incident on carbon 
nuclei has been carried out te test the charge symmetry hypothesis. Employing an experimental procedure 
which eliminates residual errors in geometry, etc., the ratio was found to be 0.72+0.17. The alpha-particle 
energy was 375 Mev and the meson energy was 15 Mev observed at 90° to the beam. Coulomb effects are 
expected to bring about a depression of the production ratio from unity of about this magnitude. The ex 
perimental result, therefore, provides support for the charge symmetry hypothesis. 

As supplementary information the same apparatus was used to measure the pion plus/minus ratio for 
330-Mev protons incident on carbon. The ratio found was 5.4+0.8. 


INTRODUCTION 


N nuclei neutrons and protons seem to play sym- 

metrical roles, but it has not been established nearly 
so well in meson production that the charge symmetry 
hypothesis is valid. Some measurements have been 
made of pion production ratios when neutrons and 
protons separately bombard carbon. Bradner, O’Con- 
nell, and Rankin! observed a positive to negative ratio 
of 1/12.6+12 percent for mesons of 50-65 Mev emerg- 
ing from a carbon target at ~90° to a neutron beam. 
The neutrons had an energy spectrum peaked near 270 
Mev. Richman, Weissbluth, and Wilcox? measured the 
ratio for 340-Mev protons bombarding carbon. For 
mesons of 12-20 Mev emerging at 90°+-12°, they found 
a ratio of 3.40.8, and for the integral’ratio, 5.1-+1. 
Block, Passman, and Havens’ also reported measure- 
ments for carbon bombarded by protons of 381 Mev. 
For 18-Mev mesons observed at 90° to the beam, their 
experimental! points imply a ratio of 17+8, and for the 
integral ratio they give 11+3. These results indicate 
that protons yield a large excess of positive mesons, 
and neutrons a large excess of negative mesons, but 
only weak evidence is offered of an actual symmetry 
in production, particularly because no absolute pro- 
duction cross sections have been measured for neutrons. 


EXPERIMENTAL METHOD 


In order to obtain identical conditions for neutron 
and proton bombardment, we have carried out an ex- 
periment in which carbon was bombarded by the in- 
ternal 375-Mev alpha-particle beam of the 184-inch 
cyclotron. Pions emerging from a target at 90° to the 
beam were observed using nuclear track plates as 
detectors. 

Various experimental arrangements were tried, and 
the one finally adopted is shown in Fig. 1, The apparatus 
was placed in the magnetic field of the cyclotron and 


* Present address: Department of Natural Philosophy, The 
University, Glasgow, Scotland. 

' Bradner, O’Connell, and Rankin, Phys. Rev. 79, 726 (1950). 

? Richman, Weissbluth, and Wilcox, Phys. Rev. 85, 161 (1952). 

* Block, Passman, and Havens, Phys. Rev. 83, 167 (1951). 


mesons of opposite signs passed into stacks of plates A 
and B. To eliminate any lack of perfect symmetry for 
detection of positive and negative mesons, two bom- 
bardments were made. Without altering the positions 
of the plates between bombardments, the beam was 
reversed (by reversing the cyclotron magnetic field) so 
that the signs of mesons entering plates A and B were 
reversed. It is easy to show that one can thus eliminate 
the effects of unsymmetrical geometry and other ex- 
perimental inequalities. The true plus/minus ratio, R, 


is given by 
N, N, ! 
“ia! 
N_J 4\N_J p- 


where (V,/N_)4 and (.V,/N_)g are the plus/minus 
ratios found in plates A and B, respectively. Pions in 
the range 11-21 Mev were detected so that the ratio 
obtained is for this range of energies. The yield of mesons 
compared to background was very low and examination 
of 12 plates all exposed at the same time, six in position 
A and six in position B, yielded only 82 mesons, ex- 
cluding p mesons. The ratio of positive to negative 
mesons obtained was 0.72, with a standard deviation 
of 0.17. To determine the ratio, r— decays and star 
forming mesons were counted, and it was assumed that 
73 percent of the m~ mesons produced stars in the 
Ilford C2 emulsion employed. Practically complete 
discrimination was obtained between one-prong stars 
and m—w decays, in the few cases where ambiguity 
existed, by grain counting. All doubtful events were 
studied by two or more observers. To reduce the Cou- 
lomb barrier effect, another experiment at higher meson 
energy (~30 Mev) was carried out. The meson yield 
was so low in this case, however, that the experiment 
was impractical. 


DISCUSSION 


The experimental ratio is significantly near unity, but 
at the same time the probability is low that true value 
may actually be as high as unity. 

For every process leading to the production of a 
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Fic. 1. Median plane section of plus/minus apparatus. The magnetic field, which is nearly constant along the meson paths, 
is perpendicular to the paper. The apparatus was made as symmetrical as possible. The target was in the form of a carbon rod 
vs in. X 4 in. in cross section. The beam traversed the }-inch dimension. The channels were 1 inch deep. 


positive meson, this experimental arrangement pro- 
vides a mirror process leading to the production of a 
negative meson. Aside from slight mass differences of 
the mirror disintegration products, Coulomb effects 
are the only ones which would cause the experimental 
ratio to deviate from unity if the hypothesis is valid. 
In this case they tend to depress the ratio. The effect 
of the barrier was first observed by one of the writers* 
who investigated the alpha-particle plus/minus ratio at 
0° as a function of target atomic number for mesons 
having very low kinetic energies in the effective center- 
of-mass system. For targets of high atomic number the 
Coulomb effect was shown to be profound. In the 
present experiment, however, the meson energy is 
several times greater than the barrier height. In addi- 
tion the effective barrier height must be somewhat 
reduced by the fact that the system of nucleons, while 
the meson is escaping, is rapidly disintegrating. To 
estimate correctly the effect of the barrier on the ratio 
under these conditions offers difficulties. Fried and 
Gasiorowicz® have calculated the expected ratio for a 
point nucleus and obtained a value of about 0.5. This 

4 Walter H. Barkas, Phys. Rev. 75, 1467 (1949) and University 


of California Radiation Laboratory Report UCRL 486. 
5 B. Fried and S. Gasiorowicz (private communication). 


calculation certainly overestimates the Coulomb effect 
on the ratio. A calculation is being carried out on the 
assumption that mesons are created in the Coulomb 
field of the residual finite size nucleus before the latter 
disintegrates. It is reasonably certain that the experi- 
mental ratio agrees within its standard deviation with 
the value anticipated on the basis of the charge sym- 
metry hypothesis. 


PROTON PLUS/MINUS RATIO 


The ratio of positive to negative mesons obtained in 
bombarding carbon by 330-Mevy protons was also found 
using the apparatus of Fig. 1. It was thought worth 
while to carry out such a separate experiment to deter- 
mine this ratio afresh in view of the divergence of the 
published ratios. The higher yield of mesons relative to 
background under proton bombardment made the 
accumulation of data less tedious in this case. There 
were 449 mesons, excluding p-mesons, counted, and the 
plus/minus ratio obtained was 5.4+0.8. 

In conclusion, one of us (H.W.W.) wishes to thank 
Professor E. O. Lawrence for his kindness in permitting 
him to work in the Radiation Laboratory and for his 
encouragement in the work carried out therein. 
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Levels of Al?® from the Mg*‘(d,n)Al*> Reaction* 


E. GoLtpBERGt 
University of Wisconsin, Madison, Wisconsin 
(Received October 27, 1952) 


A 67-kev target of Mg™ was bombarded with 4.007-Mev deuterons, and the neutron groups from the 
Mg™(d,n)Al* reaction were studied at seven different angles with Ilford C2 emulsions. The observed Q 
values are +0.07+0.06, —0.38+0.06, —0.88+0.05, —1.74+0.04, (—1.87+0.04), —2.44+0.04, —2.67 
+0.04, (—2.85=c0.04), and —3.04+6.03 Mev. The neutron groups with the Q values —2.44, —2.67, and 
-3.04 Mev correspond to virtual states of Al* which have previously been seen as Mg*-+-p resonances. 
From the Butler theory for the angular distribution of the stripped neutrons, the ground state of Al® is 
described by J =3/2 or 5/2, even parity; the first excited state is J =1/2, even parity, and the second excited 
state is likely to be J=3/2 or 5/2, even parity. The level structure of Al* is compared to that of Mg®. 


I. INTRODUCTION 


KNOWLEDGE of the energy level structure of 

light nuclei which includes parity and _ total 
angular momentum values of the individual levels as 
well as their excitation energies is valuable for testing 
theories concerned with nuclear structure and the 
nature of nuclear forces. The low-lying levels of mirror 
nuclei, for example, may be compared to judge the 
validity of the charge symmetry hypothesis. Theories 
which predict the quantum numbers of the levels may 
be tested directly. 

The recent work of Butler' which has stimulated 
experimental and theoretical interest in (d,p) and (d,n) 
reactions provides a method for determining the parity 
and, to a degree, the angular momentum of the levels 
of the residual nuclei from these reactions. A reduction 
of ambiguity in level assignments may be achieved in 
the study of these reactions by choosing a target 
nucleus of zero spin. 

The study of Al** by way of the Mg**(d,m)AI’® reaction 
is of particular interest, since the mirror nucleus Mg*® 
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E 4°3.973 MEV 
678 TRACKS 
eo 


RELATIVE CROSS SECTION 




















4 5 
E, (MEV) 





1 4 J 
2 1 to) 
E, OF Al?*(MEV) 


Fic. 1. Neutron energy spectrum at 0° to the incident deuteron 
beam. The O'®(d,n)F"’ groups are identified by I and IT. 


* Work supported by the Wisconsin Alumni Research Founda- 
tion and the U. S. Atomic Energy Commission. 

t Atomic Energy Commission Predoctoral Fellow. 

1S. T. Butler, Proc. Roy. Soc. (London) 208, 559 (1951). 


has been subjected to some rather thorough spectral 
analyses. The nucleus Al*® has recently been inves- 
tigated’ by the elastic scattering of protons from Mg, 
and a phase shift analysis of the data has made possible 
the assignments of several of the higher levels.? The 
Mg"(d,n)Al*> reaction would yield information on the 
bound levels of Al’, and any levels in the overlapping 
region could serve as checks on the classification 
arguments. 

An incidental bit of information from the Mg*(d,n)- 
Al** reaction is the ground-state Q value which would 
provide an independent value for the mass of Al”. 
This value of 24.998306+0.000099 amu may be com- 
pared to the value of 24.99817 amu derived from the 
Al*5(8+)Mg*® end-point energy of 3.1 Mev.‘ 


II. EXPERIMENTAL PROCEDURE 


Deuterons having an energy of 4.007 Mev were 
allowed to fall on a thin Mg™ target. The outgoing 
neutrons were detected at various angles with 200- 
micron Ilford C2 emulsions positioned in air 10 cm from 


Mg** (d,n)Al2® 
E4=3973 MEV 
730 TRACKS 
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£, OF Al*5(MEV) 


Fic. 2. Neutron energy spectrum at 10° to the incident beam. 


2 Mooring, Koester, Goldberg, Saxon, and Kaufmann, Phys. 
Rev. 84, 703 (1951). 

3L. J. Koester, Jr., Phys. Rev. 85, 643 (1952). 

* Atomic masses of Mg™ and Mg® taken from the table of C. W. 
Li, Phys. Rev. 88, 1038 (1952). 

5D. Van Patter (private communication). 
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the target. The plates were exposed for 1.28 micro- 
ampere-hours. The laboratory angles of observation 
were 0°, 10°, 30°, 40°, 60°, and 150°. A total of 5736 


acceptable tracks were measured according to standards 
adopted earlier.* 
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Fic. 3. Neutron energy spectrum at 20° to the incident beam. 
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Fic. 4. Neutron energy spectrum at 30° to the incident beam. 


Mg** (d,n)Al?® 
E4+3.973MEV 


701 TRACKS 
40° 


nn 





1 TRACK: 6.90 MEV 


RELATIVE CROSS SECTION 








JE, (MEV) 
2 1 oO 
Ex OF Al?> (MEV) 


Fic. 5. Neutron energy spectrum at 40° to the incident beam. 


The target was prepared by heating Mg™O on a 
tantalum strip in vacuum, slowly raising the tem- 
perature of the strip until a metallic deposit was seen 


* Johnson, Laubenstein, and Richards, Phys. Rev. 77, 413 
(1950). 


THE Mg?‘'(d,n 


JAI#®* REACTION 
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Fic. 6. Neutron energy spectrum at 60° to the incident beam. 


Ep (MEV) 





4 " 
t) 


on a glass plate placed beyond the target backing.’-* 
Ten successive evaporations were necessary to deposit 
a satisfactory layer (i.e., 45 kev for 4.0-Mev deuterons) 
on a ten mil tantalum backing positioned two inches 
from the oxide. The thickness was determined by 
measuring the increase in mass of the target backing. 
The target was set at an angle to increase its thickness 
to 67 kev. Oxygen in the target, identified by neutrons 
from the O'*(d,n)F" reaction, may have arisen from 
the brief exposures to air when the target was being 
prepared, or may indicate some direct evaporation of 
the MgO. The oxygen content was, however, less than 
one-third that of MgO, indicating that the tantalum 
does partially reduce the oxide.® 


III. EXPERIMENTAL RESULTS 
A. Neutron Spectra 


The neutron spectra from the Mg*(d,n)AI*® reaction 
are shown in Figs. 1 to 7. The two neutron groups 
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Fic. 7, Neutron energy spectrum at 150° to the incident beam. 


7 Mg* isotope supplied by the Y-12 Plant, Carbide and Carbon 
Chemicals Division, Union Carbide and Carbon Corporation, 
Oak Ridge, Tennessee. 

§ The author would like to thank Dr. J. N. Cooper for informing 
him of this technique. Revs. Sci. Instr. 23, 764 (1952). 
=*The comparison with MgO targets is based on some un- 
published neutron spectra measurements made by the author. 





GOLDBERG 


Laboratory angle of observation 

vo 20 30° 40° 60° 
+-0.07 
— 0.38 
—().88 


+-0.02 
—0.38 
—0.82 


+-0.09 
—0.34 
0.85 
—1.76 
(— 1.90) 
— 2.44 
— 2.64 


+0.10 
- 0.34 
0.86 


0.37 
0.86 


0.38 

~ 0.88 

- 1.78 
(— 1.87) 
— 2.43 

- 2.66 


(— 1.86) 
— 2.46 
— 2.65 

(— 2.87) 
— 3.05 


— 2.48 
—2.71 


—2.45 
— 2.67 


— 2.43 
— 2.67 
(—2.82) (—2.84) 
— 3.05 — 3.03 


— 3.06 —3.05 — 3.03 


TABLE I. Q values from the Mg™(d,n)Al* reaction and excitation energies of Al® (Mev.) 


Weighted 
average 
Q value 


Total 
No. of 
tracks 


267 
1100 
430 
103 
14 
372 
302 
35 
750 


Best exci 
tation 
energy 


Other 
Q values 


150° 


+0.07+0.06 0 
—0.38+0.06 0.45+0.03 
—0.88+0.05 0.95+0.03 
— 1.74+0.04 1.81+0.04 
—1.87:+0.04 1.94(?) 

— 2.44+0.04 2.51+0.05 
— 2.67+0.04 2.70+0.05 
—2.85+0.04 2.92(?) 
—3.04+0.03 3.09+0.06 


+-0.08 
— 0.40 
— 0.89 
— 1.73 


— 2.430 
— 2.626" 


— 2.43 


—3.018° 


* This value was computed from values of capture gamma-ray resonance energies (see reference 16) and the binding energy of the deuteron [R. Mobley 


and R. Laubenstein, Phys. Rev. 80, 309 (1950)]}. 
» See reference 2 and Mobley and Laubenstein, reference a 


labeled I and II occur at the correct energies and with 
the correct angular distributions!’ to be attributed to 
Q!*(d,n)F"" reaction. Group I corresponds to the forma- 
tion of F"’ in the ground state, and group I corresponds 
to the first excited state. The observed ranges of group I 
were paired with the computed energies of this group" 
to check the calibration of these plates. The points were 
seen to agree with Rotblat’s table for Ilford C2 emul- 
sions,” although the latter was meant to apply to 
emulsions exposed in vacuum. The table was used with 
no correction made for exposure in air. The correction 
was expected to be of the order of two percent.” 

The data have been corrected for variation of the 
n-p cross section with energy" and for variation of the 
probability that the tracks leave the emulsion.’® To 
improve the statistics of weak groups, additional plate 
area was scanned and measurements made for certain 
energy intervals. It was necessary to normalize accord- 
ing to the area of the particular plate scanned. This 
normalization was also applied to all the plates to 
facilitate comparison of the group intensities at dif- 
ferent angles. 

Figure 1 illustrates the data at 0°. All groups other 


Mg**(d,n)ai™ 
GROUND STATE 
E 4*3.973 MEV 





foo 120° 40° 160° 80° 


Fic. 8. Angular distribution of neutrons from the Mg*‘(d,x)Al* 
reaction, with the Al® in the ground state. 

0 F, Ajzenberg, Phys. Rev. 83, 693 (1951). 

"'T, W. Bonner and J. W. Butler, Phys. Rev. 83, 1091 (1951). 

2 J. Rotblat, Nature 167, 550 (1951); 165, 387 (1950). 

‘8A. J. Dyer, Australian J. Sci. Research AS, 104 (1952). 

4 R. K. Adair, Revs. Modern Phys. 22, 249 (1950). 

'’H. T. Richards, Phys. Rev. 59, 796 (1941). 


than those arising from the O'*(d,n)F" reaction are 
attributed to the Mg*(d,z)Al*® reaction by noting the 
energy variation of the groups with angle of observa- 
tion. There was no evidence of carbon contamination 
of the target at this angle or at the other angles. The 
group of lowest neutron energy corresponds to a level 
of Al*® seen? through the elastic scattering of protons 
from Mg”. This level will be discussed later when the 
interpretation of the angular distributions is considered. 
The groups at 1.2 and 1.4-Mev neutron energies are 
identified as those corresponding to levels of Al*® which 
were inferred from the study of the Mg*(p,7)Al"* 
reaction.'® 

Background plates exposed at this angle do not 
account for the six tracks which have neutron energies 
in excess of 4.2 Mev. The data at other angles give no 
evidence for a level of Al*® which would account for all 
of these tracks. A few near 4.0 Mev might be associated 
with the ground-state group that begins to appear at 
20°, while the tracks of higher energies might possibly 
be attributed to the Mg®*(d,n)AlP® or Mg?®(d,n)Al? 
reactions which are highly exoergic. The Mg*> impurity 
is assayed to be 0.301 percent, Mg’® is 0.114 percent, 
and Mg” is 99.59 percent.’ 

Figures 2 to 7 illustrate the remaining data. At 150° 
(Fig. 7), the first three levels of Al’* are clearly defined, 
and one neutron group which was not resolved at the 
other angles is now visible at the right of group I. This 
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Fic. 9. Angular distribution of neutrons from the Mg?*(d,n)Al* 
reaction, with the excitation energy of 0.45 Mev for Al*. 


16 Grotdal, Linsjé, Tangen, and Bergstrém, Phys. Rev. 77, 296 
(1950). 
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group is associated with the marked asymmetry of 
group I at 0° and 20°. The more rapid variation of the 
neutron energy with angle for the O'*(d,z)F' neutrons 
permits resolution of these two groups at large angles. 
A level of Al at an excitation energy of 1.81 Mev may 
be inferred from this group. At a few angles, there is a 
suggestion of neutron groups which would be associated 
with levels at 1.24 and 2.92 Mev (see Table I). The 
intensities of these groups are such that it is possible, 
but unlikely, that they arise from the Mg*® or Mg’ 
impurities. 
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Fic. 10. Angular distribution of neutrons which correspond 
to the 0.95-Mev level of AP. 


Table I lists the Q values of the Mg**(d,n)AP® reaction 
for the various neutron groups. The average Q value 
for each group is computed after weighting each value 
according to the number of tracks in the group at that 
angle. The cited uncertainties of the ( values represent 
not only the variation of the calculated Q values among 
the plates which is +20 kev in most cases but also the 
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Angular distribution of neutrons which correspond 
to the 2.51-Mev level of Al”. 
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uncertainty in the range energy relation and geometric 
uncertainties. The latter includes orientation of the 
target, finite target size, and width of region of emulsion 
scanned; these should contribute not more than +10 
kev. The beam energy uncertainty is less than +5 kev. 
For 4.0-Mev neutrons, the range-energy relation con- 
tributes +40 kev, this being reduced for lower energy 
neutrons. However, the excitation energies of Al** close 
to the ground state are known with greater certainty 
because the uncertainty of the range-energy relation 
tends to cancel out. 
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Fic. 12. Angular distributions of neutrons which correspond 


to the 2.74-Mev level of Al. 


It is possible to calculate the absolute differential 
cross sections if the density of hydrogen atoms in the 
emulsion and the number of target nuclei per square 
centimeter are known along with the total charge col- 
lected by the target. The cross section for the neutron 
group at 10° corresponding to the first excited state of 
Al’® (i.e., E-=0.45 Mev) was computed to be (4+2) 
< 10~°* cm* per steradian. This yields a factor of 0.7 
X 10~*6 cm? per steradian per ordinate unit on the first 
seven figures. 


B. Angular Distributions 


The availability of the data at the seven angles 
permits an examination of the angular distributions of 
several neutron groups. They are given in Figs. 8 to 13, 
and are identified by the corresponding excitation 
energies of Al*® as derived from this experiment. The 
points were computed on the basis of the number of 
tracks in the particular group, rather than the height 
of that group as it appeared in foregoing figures. The 
angles of observation and intensities have been con- 
verted to the center-of-mass system." 


IV. INTERPRETATION OF THE ANGULAR 
DISTRIBUTIONS 


According to Butler’s theory,' the angular distribu- 
tion of the neutrons from a particular reaction will 
depend very markedly on the orbital angular mo- 
mentum /, attributed to the proton before capture. 
If zero spin and even parity are assumed for the ground 
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Fic. 13. Angular distribution of the neutrons from the Mg**(d,n) Al 
reaction with Al* excitation energy of 3.11 Mev 
17M. Moskow, Master’s Essay, The Johns Hopkins University 
(1948) (unpublished) 
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Tasve II. Behavior of the nuclear factor N. 
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state of Mg™, the total angular mementum of the re- 
sidual nucleus Al** will be J=/,+4. The parity of this 
state will be even if /, is even and odd if lp is odd. The 
ambiguity for J is removed in the case /1,=0, where 
J =}. Butler’s expression [i.e., Eq. (34) ]! when applied 
to this reaction is explicit in so far as the angular dis- 
tribution is concerned except for the choice of the 
nuclear radius. The equation ro>= 1.49 (A'+1)x10~-" 
cm yields a value 5.80 10~-" cm. The solid lines which 
appear in Figs. 8 to 10 have been computed from 
Butler’s expression employing this nuclear radius. No 
correction was made for the Coulomb effect. 

The comparison of experimental points to the theo- 
retical curves in Fig. 8 would prompt an assignment of 
J = 3/2 or 5/2, even parity, to the ground state of Al’. 
As in Figs. 9 and 10, the curve which best fits the data 
has been drawn to the appropriate scale while the 
companion curves have magnitudes in relation to the 
chosen curve designated according to the Butler ex- 
pression, neglecting the nuclear factor NV and the 
statistical factor (2/+-1). This assignment is consistent 
with the known spin assignment'* of J=5/2 for the 
ground state of Mg®®, the mirror nucleus of Al**. It is 
also in agreement with the prediction of the Mayer 
spin-orbit model'® which requires J = 5/2, even parity. 
Deviations of the points from the curves at larger angles 
may be attributed to compound nucleus formation 
which is expected to be noticeable because of the small 
differential cross sections for this state. The angular 
distribution associated with the first excited state of 
Al is shown in Fig. 9. The data clearly show the level 
to be J = 4, even parity, because the forward maximum 
implies the capture of a proton by Mg*™ with /,=0. 
The cross section is quite small at 4), = 150° compared 
to values in the forward direction. The data for the 
second excited state (i.e., E,=0.95 Mev) would suggest 
J =3/2 or 5/2, even parity, but there is a slight pos- 
sibility that the designation is J =} or 3, odd parity, for 
this level. The experimental cross-section value at 
Oia» = 150° is very large compared to values in the 
forward direction and deviates markedly from the P 
and D (i.e., /,=1 and /,=2, respectively) curves. The 
values of the absolute differential cross sections are 
rather small for this reaction. 

It should be emphasized that since Butler’s analysis 
treated only bound levels of the residual nucleus, there 
is no justification in applying it to states unstable 
against emission of the captured particle. Also the 


18 J. E. Mack, Revs. Modern Phys. 22, 64 (1950). 
19M. G. Mayer, Phys. Rev. 78, 16 (1950). 


singularity of Butler’s expression for k,=0 (k, being 
the wave number of the captured particle) is not experi- 
mentally realized. This observation further suggests a 
failing of the theory in this region. Consequently, the 
three remaining angular distributions were not com- 
pared to the theoretical curves. A more recent extension 
of this theory by Friedman and Tobacman”® considers 
the virtual states as well as the bound states. The ex- 
pression for the angular distributions for bound states 
is found to be similar to that of Butler and lacks the 
singularity. The expression for virtual states has addi- 
tional incoherent terms, and a quantity df/dE which 
depends on the behavior of the wave function at the nu- 
clear surface. The partial widths for particle and gamma- 
emission also enter. These quantities are not explicitly 
known. The Born approximation has been employed by 
Bhatia, Huang, Huby, and Newns*! to calculate the 
angular distributions of (d,p) and (d,n) reactions. The 
results agree with Butler’s where the latter theory is 
applicable and do not exhibit singularities at k,=0.” 
The expression, however, does possess more parameters 
than Butler’s expression. 

A possible check on these theories may be afforded by 
consideration of the data of Fig. 13 since the level to 
which the data applies has already been assigned J = 3, 
odd parity from the partial wave analysis of the elastic 
scattering data.* The neutron distribution is noted to 
have a slight minimum in the forward direction and 
drops rapidly beyond 6(c.m.)=34°. If reasonable 
assumptions are made regarding df/dE in Friedman 
and ‘Tobacman’s expression, and gamma-emission is 
assumed to be negligible, the theoretical curve for /,= 1 
has a forward maximum, decreasing monotonically to 
one-half the peak value at 60°. The prediction of Bhatia 
and Huang is that of a forward maximum which drops 
steadily to one-fifth the maximum value at 60°. Neither 
of these curves fits the data well enough to suggest the 
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to the Born approximation calculation has been demonstrated by 
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assignment of /,=1. One is prompted to consider an 
extrapolation of the Butler curves from the range of 
validity and notes in contrast to the above treatments 
a preference for an /,=1 assignments. If this procedure 
is tolerated, it is tempting to go a step further and 
hazard guesses for the levels at 2.51- and 2.74-Mev exci- 
tation energies. That at 2.51 Mev would appear to have 
an assignment of /,=0 making it J=}3, even parity, 
while the level at 2.74 Mev would be described with 
/,=1 or 2. It may be noted in passing that while the 
level at 2.51-Mev excitation energy corresponds to the 
k, close to zero, the absolute cross section of the 
Mg*(d,n)Al*® reaction for this level is not noticeably 
greater than the cross sections for the other levels. 

Butler’s expression for o(@) contains an angle inde- 
pendent coefficient V which is a function of the initial 
and final nuclei. It may be of interest to note the varia- 
tion of this nuclear factor among the levels of Al?® which 
have been classified in the experiment. The levels are 
assumed to be J = 5/2, even parity, for the ground state, 
J =}, even parity, for the first excited state, and J =}, 
even parity, for the second excited state. The experi- 
mental and theoretical values are compared at the 
peaks of the angular distributions which are 40°, 0°, 
and 35°, respectively. The theoretical values are not 
sensitive to the choice of J (i.e., either 3/2 or 5/2) which 
enters in by way of the statistical factor (2/+1). The 
comparison is shown in Table II. The third and fourth 
columns are normalized to unity for the ground-state 
entry. The last column is the ratio of these values. 

It is clear from this comparison that the nuclear 
factor for the two levels with /,=2 varies by only a 
factor of two, but the nuclear factor is more than an 
order of magnitude larger for the level involved in the 
S wave proton capture. A similar analysis of the 
Be*(d,n)B"® reaction” for which the first five states of 
B'° are described by the designation /,=1 yields a 
result that this nuclear factor has a variation of only 
a factor of three among these levels. All these observa- 
tions suggest a strong dependence of the nuclear factor 
on lL». 


V. ENERGY LEVELS OF THE MIRROR NUCLEI 
Al?> AND Mg 


A description of the level structure of Al® from its 
ground state to 6.1 Mev can now be given, for the region 
from 2.7 to 6.1 Mev has been investigated by the elastic 
scattering of protons.?* The data of the present experi- 
ment overlap the above mentioned region with the 
3.11-Mev level in common, and confirm the two levels 
reported from the study of the Mg™(p,y)Al* reaction.'* 
The structure of Mg*® is also presented in Fig. 14 for 
the purpose of comparison. This latter diagram is a 
compilation of levels seen from the Al’?(d,n)Mg”> and 
Mg"™(d,p)Mg” reactions.**® The assignments are those 


3 F, Ajzenberg, Phys. Rev. 88, 298 (1952). 
* Endt, Enge, Haffner, and Buechner, Phys. Rev. 87, 27 (1952). 
% Toops, Sampson, and Steigert, Phys. Rev. 85, 280 (1952). 


Mg?*(d,a#)Al?* REACTION 


TABLE III. Cross sections of the Mg™(d,n) Al® and 
Mg™(d,p) Mg®™ reactions. 


Mg*(d,n) Al® 

E.(Mey) 
0.00 
0.45 

0.95 L 


Me"(d.p)Mg” 
@(@)(cm?/sterad E,( Mev) a(9)(cm?*/sterad.) 
0.000 
0.583 


0.976 


3.0-10°?? 
5.7-107*6 
2.5-10°7 


of Holt, deduced from a study of the angular distribu- 
tions of the proton groups from the Mg*(d,p)Mg”* 
reaction.”® The designations of the upper levels of Al*® 
were made from a partial wave analysis of the Mg™(p,p)- 
Mg™ data,’ while those for the lowest three levels are 
derived from the data of this experiment. The symbols 
are not meant to imply any particular nuclear model. 
The value for the total angular momentum of the state, 
as has been stated, it J=/,+4 except when /,=0 in 
which case J=}. The parity is even if J, is even and 
odd if /, is odd, for the ground state of Mg” is assumed 
to have zero spin and even parity. The two dashed lines 
on the diagram for Al® indicate the doubtful levels 
previously mentioned. Because nuclear emulsions 
cannot resolve levels with a spacing smaller than 100 
kev, it is possible that doublets are present and unde- 
tected in the region of Al below 3.0-Mev excitation 
energy. This remark also applies to the region of Mg*® 
above 4.0-Mev excitation energy. 

The absolute cross section of the Mg**(d,n)Al’® and 
Mg"(d,p)Mg” reactions for the three lowest states are 
compared in Table III. The values given are the dif- 
ferential cross sections at the peaks of the angular 
distributions. It is seen from the level diagrams that 
the /, assignments agree. The values from the (d,p) 
reaction are from four to six times larger than the 
corresponding values from the (d,nz) reaction. This is 
reasonable, for the (d,p) reaction is expected to have a 
larger cross section than the (d,m) reaction because of 
the Coulomb effect.’ Since the Mg**(d,p)Mg”® reaction 
was studied with 8.0-Mev deuterons while 4.0-Mev 
deuterons were employed for the Mg"*(d,n)Al** reaction, 
the expectation is even greater for a larger (d,p) than 
(dn) cross section in this case. The levels of Al*® and 
Mg” are seen, therefore, to correspond very nicely 
below 1.0-Mev excitation energy. An unambiguous cor- 
respondence of levels above 1.0 Mev cannot be made 
at this time. However, one can see that the level den- 
sities of the regions to 6.0 Mev are approximately equal. 
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Photoproduction of ® mesons in hydrogen and deuterium is calculated in the weak coupling theory under 
several different assumptions regarding the interaction Hamiltonian. All calculations are performed non 
relativistically taking into account the anomalous magnetic moments of the nucleons. The contribution of 
the negative energy states for the nucleons and of the nucleon current are isolated. Calculations are also 
performed with a phenomenological Hamiltonian which yields a (2+3 sin@’) angular distribution in the 
center-of-mass system for the photoproduction of x® mesons in hydrogen. In the case of deuterium, the 
relative importance of elastic and inelastic photoproduction is examined as a function of photon energy, 
meson angle, and the theoretical results are compared with recent experimental data. Best agreement with 
experiment is obtained if nucleon current effects are neglected. 


INTRODUCTION 


HE standard weak coupling theory which was 

used to calculate the photoproduction of m* 
mesons in hydrogen predicts much too small a cross 
section for x’ meson production.' However, when the 
anomalous magnetic moment of the proton is assumed 
to interact directly with the electromagnetic field and 
the x meson is treated as a pseudoscalar particle, the 
cross section for m° production becomes comparable to 
the m* cross section.” If the anomalous magnetic mo- 
ment of the proton is responsible for r° production in 
hydrogen, then the neutron should contribute an almost 
equal amount to the r° photoproduction in a nucleus 
like deuterium. Indeed, the elastic production process 


y+ D-r+ D 


at all meson angles, and the total cross section (elastic 
plus inelastic) for m® meson produced in the forward 
direction, are especially interesting because of their 
dependence, due to interference effects, on the relative 
sign of the neutron and proton 2° coupling constants. 
In practice, it is easier to measure the total deuteron 
cross section at large angles with respect to the photon 
beam where the proton and neutron make their sepa- 
rate contributions. 

At least two objections can be raised against the 
relativistic weak coupling calculation carried out by 
Kaplon® to explain the photoproduction of 2° mesons 
in hydrogen. The first objection is that while the proton 
cross section calculated in this way agrees well with 
experiment® both as regards absolute magnitude and 
variation with energy, it predicts an approximately 
isotropic angular distribution in the laboratory system, 
which seems to contradict experiment. The origin of 
the isotropic distribution can be traced to interference 
between the probability amplitudes for transitions to 


* This work was assisted by the U. S. Atomic Energy Com 
mission. 

t Now at Indiana University, Bloomington, Indiana. 

'K. A. Brueckner, Phys. Rev. 79, 641 (1950). 

* M. F. Kaplon, Phys. Rev. 83, 712 (1951), and Aidzu, Fujimoto, 
and Fukuda, Prog. Theoret. Phys. 6, 193 (1951). 

* A. Silverman and M. Stearns, Phys. Rev. 83, 206 (1951). 


positive and negative energy intermediate states. Since 
the odd part of the (PS, PV) meson-nucleon inter- 
action Hamiltonian is needed to give a large amplitude 
for negative energy state transitions, if for an as yet 
unknown reason the odd part of the (PS, PV) meson- 
nucleon operator is suppressed‘ and only the (@-q) 
part (@ is the proton spin and q is the meson momentum) 
is retained, the interference between negative and posi- 
tive energy transitions is eliminated and the proton 
cress section favors the emission of 2° mesons in the 
forward direction. For this reason the deuteron elastic 
r°® production is calculated with an interaction which 
contains only the even part of the (PS, PV) interaction. 
The elastic production is also calculated with the entire 
(PS, PV) interaction Hamiltonian since the experi- 
mental angular distribution from hydrogen is not final. 

A second possible objection to a weak coupling 
calculation which includes the anomalous magnetic 
moment of the proton is that the anomalous moment, 
which presumably is due to virtual charged meson cur- 
rents, may be more important for the photoproduction 
of r® mesons than the Dirac moment associated with 
the bare proton. With this in mind, a third model is 
considered in which the charge of the proton is com- 
pletely ignored and the proton is assumed to interact 
with the radiation field through its anomalous moment 
alone. If the proton and neutron anomalous moments 
are assumed equal, the photoproduction of 2° mesons 
is independent of the charge state of the nucleon target. 
Since the explicit version of the (PS, PV) theory which 
is used may be incorrect, it is interesting to inquire 
into the most general phenomenological interaction 
possible within the context of weak coupling theory. 
It turns out that, for a pseudoscalar m-meson, one can 


4 Similar ad hoc assumptions are needed to explain both the 
forward maximum in the differential cross section for the reaction 
p+p-—D+n [see Chew, Goldberger, Steinberger, and Yang, 
Phys. Rev. 84, 581 (1951) ] and the r* to x~ meson ratio of about 
one in the reactions 

y¥+-D-onr'+n+n 
and 

y¥+Donr +p+p 
[see R. E. Marshak, Meson Physics (McGraw-Hill Book Com 
pany, Inc., New York, 1952) ]. 
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use a linear combination of the following five terms: 
(o-’), (@-d’)(k’-q’), (o-k’)(q’-%’), (o-q’)(q’-d’), Ca’ 
-(k’X2’)], where o@ is the spin of the nucleon, q’ is 
the meson momentum, k’ and 3’ are the photon mo- 
mentum and polarization, respectively—all quantities 
measured in the center-of-mass system. Coefficients 
are, in general, arbitrary functions of g’ and k’. 

If, in particular, the phenomenological interaction is 
chosen as 


2q’- (kK 2’) +i (o-k’)(q’ 2’) — (a - 2) (q’- k’) |, 


the proton cross section is proportional to (2+3 sin’@’). 
This angular dependence is especially interesting be- 
cause it agrees with the results of a quantum me- 
chanical, strong coupling calculation® as well as corre- 
sponding to the angular dependence which is associated 
with the /=1, j= 3 state (/ being the orbital and 7 the 
total angular momentum) of the meson-nucleon system.*® 


THE METHOD 


The production of r° mesons in photon-nucleon col- 
lisions is calculated with four nonrelativistic interaction 
Hamiltonians. The first of these may be obtained di- 
rectly from the relativistic (PS, PV) Hamiltonian. To 
lowest order in 1/M (M is the nucleon mass), the 
Hamiltonian for a proton may be written 


Hy\(p)=Hun(p)+Hen(p)+H uen(p), (1) 


where 
Huw(p)=grlo-V)U/u, 
Hrx(p)= —eurlo- (9 X A) |/2M—e(p-A)/M, 


aU 
H wrv(p)= —egr(o- A) / Mu 

at 
Here @ and yw» are the spin and magnetic moment of the 
proton, respectively ; A is the vector potential evaluated 
at the position of the proton; uw is the meson mass; U 
is the 7° meson wave function; e is the charge of the 
proton, and gp is the coupling constant of the proton 
to the x® meson field. 

Hyw(p) and Hry(p) are the usual nonrelativistic 
approximations to the pure meson-nucleon and radia- 
tion-nucleon interactions, respectively. The cata- 
strophic term, Hyey(p), can be shown to result from 
negative energy state transitions. If the catastrophic 
term is neglected, the interaction becomes 


H(p)=Hun(p)+Hen(p). (2) 
Similarly, if the anomalous moment of the proton is 
assumed to be entirely responsible for the x° production, 
the interaction Hamiltonian takes the form 

j Cus F 


(o- Vl - fa-(~& A) |, 


H;(p)= : (3) 
u 2M 


®*Y. Fujimoto and H. Miyazawa, Prog. Theoret. Phys. 5, 1052 
(1950). 
®K. A. Brueckner and K. Watson, Phys. Rev. 86, 923 (1952) 
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where up’ is the anomalous moment of the proton and 
gp’ is a constant. 

Of all the interaction terms, Hyery is the only one 
which has a diagonal matrix element; all the others 
require second-order calculations. It is therefore con- 
venient to define an effective interaction (H), which 
enables the process to be calculated in first order. 
Clearly, to determine (//),, we need only sum the 
second order matrix element over all of the inter- 
mediate states. After performing this calculation we 


obtain the following effective Hamiltonians: 


. ie Qn 
[H\(p) |= ——¢'K-r 
Mu (ke)! 


(q:a)q 


0 | at 


€ 


upqX (kx) 
oa ler (4) 


k 
le on (q:a)q 
eee -eik {o|*= 
Mu (ke)! € 


upqX (kX 2) 


(5) 


te ln 
[H3(p) ]e= —-—— ——e® *{a-[qX (kX) ]}ur’gr’, (6) 

Mu (ke)! 
where q and ¢ are the momentum and energy of the 
meson, respectively ; 2 is the photon polarization whose 
momentum is k; r is the position vector of the proton 
and K=k—q. 

As a fourth 

following: 


effective Hamiltonian we take the 


Gr p dr 
= —— ——¢'K’-[2q/- (kX 2’) 
My {k'e’}! 


+ia-q’X(k’« 2’) |, (7) 
where the primes indicate that the variables are meas- 
ured in the center-of-mass system and G> is a constant. 
In the center-of-mass system, this phenomenological! 
interaction gives rise to a (2+3sin’6’) angular dis- 
tribution, and this is at present the sole reason for 
choosing it. 

After squaring the matrix element of the effective 
Hamiltonians, performing the usual summations and 
averages, and introducing the statistical factor, we ob- 
tain the following proton cross sections in the labora- 
tory system: 


da\? Agr? {le g’ sin*é 
dQ 2 y é 


1 < 
. | 

—4-pup cosé ’ 
y 


(8) 
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where 


e*q € (q ~k cos0) 
(ae og 
uM?h e.g 8 

eg’ e (g k cos) 
ais 

uM mM 
da P A rk P 
(=) | — 


| 


(9) 


» 


gpl wp’(1+cos*@)4 (sin*4)q? € 


(=) APup?gp”?(14+-cos’8) 
AQF , : 2 


(‘") r q’q”*k”| 2+ 3(sin*0)g?/q” JeG p* 
dQ7 4 2uthM(k+-M)[q—ke cos0/(k+ M)] 


Ip 


te 
Is 


(10) 


with @ the angle between k and q. 

The cross section (da/dQ),” is accurate to the first 
power in 1/M, while Eqs. (8), (9), and (10) are accurate 
to lowest order in 1/M since they are obtained from 
effective Hamiltonians which are also accurate to 
lowest order in 1/M. However, the statistical factor 
in these and in several of the following equations con- 
tain higher order corrections to insure a meaningful 
comparison between these results and the plane wave 
approximation to the total cross section. 

The effective Hamiltonian for a neutron target may 
be written 


‘ : uvgy’ : 
[ H,(n) ]-=[He(n) |.=[H3(n) |. = [H3(p) Je, (12) 
up'gp’ 


where wy and gy’ are the neutron’s magnetic moment 
and coupling constant, respectively. 
We may assume that 
[H4(n) |.= Hap) Je. 


The proton and the neutron effective Hamiltonians 
are indeed equal if the x° meson is produced in } iso- 
topic spin state.’ 

The cross sections for the process 


(13) 


y¥tn—r +n 
are, therefore, 
(“) (“) (=) ere"(=) 
dQ 1 12 9 dQ 3 gp up”? dQ hy 
and 
(“) (=) 
dal, \adaly 


The first three neutron cross sections are equal be- 
cause the catastrophic term vanishes for a neutron 
target and the neutron moment is entirely anomalous. 


(14) 


(15) 


7K. Watson, Phys. Rev. 85, 852 (1952). 
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ELASTIC PRODUCTION 


The cross section for the process* y+D—r°+ D is 
calculated with the effective Hamiltonians defined by 
Eqs. (4) through (7) and Eqs. (12) and (13). However, 
since these interactions were derived for a free nucleon 
at rest, their application in the deuteron calculation 
must be justified. 

In deriving Eqs. (4) to (6), it was necessary to sum 
over free nucleon intermediate states. For the deuteron 
problem, on the other hand, the intermediate states 
are no longer free but are the states of a two-nucleon 
system with a potential. However, the energy de- 
nominator to lowest order in 1/M is independent of the 
energy of the nucleons in the intermediate state and 
therefore the application of closure over all inter- 
mediate states results in the free nucleon effective 
Hamiltonians. 

A further objection to the employment of Eqs. (4) 
to (7) and Eqs. (12) and (13) is that the momentum 
operator p appearing in the corresponding Hamil- 
tonians is evaluated for a target at rest. The validity 
of this approximation has been checked, and the error 
in this instance is also negligible. 

Furthermore, with the use of the effective Hamil- 
tonian, one neglects processes in which one particle in 
the deuteron absorbs the photon and the other emits 
the meson. This two-body effect clearly depends 
strongly on the behavior of the nucleon potential at 
small distances. If the Hulthen potential is assumed 
and if the energy of the incident photon is 300 Mev, 
the two-body terms may be calculated and these terms 
may also be neglected. 

Finally, in this work the D state admixture to the 
deuteron wave function is neglected. If the Hulthen 
potential 

(8? — a?) /(e8-©r—1) 


is assumed, the deuteron wave function becomes 
Wo(r) = V(e-9"—e-*") /r, 


where —a’/M is the binding energy of the deuteron 
and where 8 and _\ are related to the triplet effective 
range fo. 

The effective Hamiltonians which were used to calcu- 
late the proton and neutron cross sections may be used 
to obtain the deuteron elastic result if we label par- 
ticles 1 and 2 the proton and neutron, respectively. 
Then the r and o@ appearing in [H(p)], and [H(n) ], 
will have subscripts 1 and 2, respectively. The deuteron 
matrix element may now be written 


Wp’ 


=xm* f vale PRIM (p) e+ LH (n) Je} 


x<ypolr )dr,dts*xm, 


(16) 


where *x,, is the triplet spin function, r= %|— ft, and 


8 N. Francis and R. E. Marshak, Phys. Rev. 85, 496 (1952) ; 
Heckrotte, Henrich, and Lepore, Phys. Rev. 85, 490 (1952). 
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R = (t+ 82)/2. The superscript i indicates which of the 
four effective Hamiltonians is being considered. When 
t=1, 2 or 3, the evaluation of the matrix element is 
straightforward and requires no further discussion. To 
find Wp*, however, [H4(p)]. and [H4(x)]. must be 
expressed in the laboratory system. In the laboratory 
system 

eG pe'* . 
(H4(p)]-= [2 -( 

Mu2(ke)! 


™« 2) 

tie qx (k'*s')}, (17) 
where q’=q— $e, k'=k— $k, 8=(p+k)/(M+&). The 
momentum of the target nucleon is p. If the gauge is 
chosen so that the fourth component of the vector 
potential vanishes either in the laboratory or in the 
center-of-mass system, 2=2’. It should also be re- 
marked that in calculating the deuteron matrix ele- 
ment, the p appearing in $ must be treated as the 
momentum operator which acts on the proton coordi- 
nate if the p appears in [//4(p) ], and on the neutron 
coordinate if the p appears in [ //,() }.. 

After the conventional manipulations the elastic 
cross section for the four different effective Hamil- 
tonians may be written 


da\? gpg’ sin’é é 
) =1acFAK)| + Qe p? 
1 


dQ € y° 


+ (upep+ungn)?(1+cos*0) — 2¢p* sin’ 
€ 
—4(upgp + ung 2p cosé ~ 
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(18) 


o D 
) - YALTA3 K)[ p+ iy ++ 2F py i (19) 
QO 


= TALE (4 K)uy7(¢p'— £N ’)?(1+ 0878); (20) 


d 
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da 4 k 
(“*) =-AZPAK)Gp— | (5 sin?’ +21 oe cm 
dQ/ 4, 3 we 2(M+k) 


g+3ke 
-—_——— cont} (21) 
g(M+k) 


9 


( d 
d 
o D 

) 
D 


3k+e 


where 


(K)= feo WY? (r)dr, 


Fp is defined above, Fy=gy*un*(1+cos*@), and 
F py=upgpuygn(1+ cos’). In the elastic cross sections, 
we have neglected 1/M? terms in (do/dQ),? and have 
neglected 1/M terms in the other three cross sections. 


TOTAL CROSS SECTION 


An upper and lower limit to the total cross section, 
elastic plus inelastic, for the photoproduction of 7° 


MESONS IN H AND D 769 
mesons in deuterium will be obtained assuming a 
central nuclear potential that vanishes for odd parity 
states (“Serber mixture’’). The effect of the distorted 
S state will be considered but all other partial waves 
will be assumed undistorted. Since the plane wave 
cross section may be considered to be a sum of terms, 
each with a different orbital angular momentum, and 
since the distertion is considered in only the final S 
states, the total cross section will be the plane wave 
cross section less its S part plus the cross section caleu- 
lated with the distorted final S state. That is, 


(“) ri( do ) 
dQ * * ddeF pw. 
do do : 
( ) jict( ) » 22) 
dQde Ss dQ Ss 


where (da/dQ)r is the total cross section, (d°a/dQde) p.y 
is the spectrum derived assuming plane waves for the 
final nuclear state, (d’o/dQde)s is the S part of the 
plane wave result and (do/dQ)s’ is the cross section 
calculated with the distorted S state. The plane wave 
spectrum and its S part can be derived with relative 
ease but the calculation of the cross section for the dis- 
torted § state is tedious. We will therefore determine 
(d’g/dQde)p.w. and (do/dQde)s exactly and find an 
upper limit to (da/dQ) x’. 

Although the following procedure may be applied to 
a calculation involving any of the four effective Hamil- 
tonians defined above, for definiteness we shall calculate 
the upper and lower limits to the total cross section 
using H,=[H2(p) |.+(H2(n) |,. The effective Hamil 


tonian may be written 


iH, = (a, L,e'* w + (oo: Li )e'* 73 (23) 


where 


(q:) 
= of ara (x2) | 
Mu (ke)! € 


ie Qn 


L, 


ie Qn 
L.=— evung& (kx). 
Mu (ke)' 


Using the effective Hamiltonian defined by Eq. (23), 
the cross section for transitions to plane wave final 
states is easily found to be 


de A?M N? 
; ) =———{A(Fp+Fy)+4BF py}, (24) 
dQde/ py K 


where 
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a+ pK bK+b 
tn 
ap eee a a—pK —pK+b 


a=a'+ p+ K*/4; b=P—a’+a; p=(pi-— 
and 
a- + pK b—- pk 


a— pK b+ pK 


The part of the plane wave spectrum corresponding to 
final S states is 


io 


( ) = A°N*M[F p+Fw+4F pw] 
dQdeT 


x (log’Q)/2K*p. (25) 


The matrix element for transitions to distorted S 
states may be written 
Ws’= xf fvr(ne iP Ri (a, . L, )e'* rl + (a2: L,)e'* "2 ] 
xX olr)dridro'x,, (26) 


where yy, is the distorted S state wave function. The 


cross section for distorted final .S states is as follows: 


(“) -y| | € Lim\| YBs’ |?) 
dQ/s5  F ((2n)"T1+(e 2M \(q— k cos0)/q]) 


where 5°’ implies a summation over all final spin states 
and only those nuclear final states that conserve energy. 
An upper limit to (da/dQ)s’ is obtained by replacing g 
by its maximum value and summing over the complete 
set of final nuclear states. We finally obtain 


da\’ SrA; N?J 
(2) se fesecae 
dQ Ss 9 = Wmax 
da\’ 
= (=). (28) 
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da\" tmax do 
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dQls wv, dQdeT pw. 
da 
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If the r° meson spectra calculated with and without 
distortion are compared, it is apparent that the effect 
of the distortion is to increase the spectrum for low 
nucieon energies and decrease it for high nucleon en- 
ergies. Due to the closure principle, the integral over 
all relative nuclear energies of the undistorted and dis- 
torted spectra are equal. Therefore, if the integration 
over the relative momentum extends from zero to a 
finite upper limit, the distorted integral exceeds the 
undistorted and the plane wave result is a lower limit 
to the total cross section.’ 

Since both an upper and a lower limit to the total 
cross section have been derived, it is instructive to 
determine when one limit may be more accurate than 
the other. For mesons produced in the forward direc- 
tion, the distorted S state spectrum is sharply peaked 
at a very high meson energy. Consequently, above 
photon energies of about 1.54, when the half-width of 
the spectrum is small compared to the entire energy 
range, the error introduced by replacing g by qmax and 
summing over a complete set of final states is quite 
small and the upper limit to the total cross section is 
very accurate. However, as the meson angle increases, 
the distorted S state spectrum becomes diffuse and re- 
mains appreciable from é,,. to €) Where €max= (max" 
+ y°)! and e, is the energy of a x" meson photoproduced 
(€max— €0= Ko?/4M where Koy is 
the momentum transfer to a free nucleon.) Therefore 
for large meson angles, when A»4 is also large, (da /dQ) s”’ 
is a good deal larger than (do /dQ)s’. This difference, 
though significant compared to (do/dQ) s’, will be small 
compared to (da /dQ),r if many partial waves contribute 
to the photoproduction as they generally do. 

If a single curve representing the total cross section 
as a function of angle is desired, a reasonably accurate 
result could be obtained if it is assumed that 


do 1 do da\" 
(2) 212), 002 
dQ), Qn dQ? p.y dQ?T 
‘max d*o do 
f ( | ) -( | ) || | (30) 
A AQdeF pw dQdeTF x 


A simple and fast method,'® which yields an upper 
limit to the total cross section approximately equal to 
the upper limit obtained with the procedure mentioned 
above, will now be applied to the problem when 


by a nucleon at rest. 


H,=( Hap) | e+ LHa(n) ].. 


This method, which is applicable when the energy of 
the incident photon is high, involves the replacement 
of the rigorous conservation of energy equation which 
appears in the cross section as the argument of a 6- 
function with the conservation of energy condition for 
a free nucleon at rest. Then, if the summation over 


® This argument is due to G. Chew (private communication). 
‘0M. Lax and H. Feshbach, Phys. Rev. 81, 189 (1951). 
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final states is extended to include the complete set of 
final states, the result is an upper limit to the total 
cross section and may be written 


do 
(); 
dQl r 


Age 


we 


1(K) 
I(*- 
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4ke cosd 
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yan sin’#+- 2) 


2(¢?+ | 
g(k+M) t=to, 
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(k+€) 
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——- 


where n= M/(M+k&). This result is quite near the cor- 
rect total cross section for small @ but is about 20 
percent high in the backward hemisphere. 


RESULTS AND CONCLUSIONS 


The most recent measurement! of the angular de- 
pendence of the photoproduction of 2° mesons in 
hydrogen indicates that for mesons produced between 
45° and 135° in the laboratory system, the yield is 
large at 45° and decreases sharply as the meson angle 
increases to 135°. This experimental result should be 
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Fic. 1. Curves A; and Az give the differential cross section at 
k=300 Mev/c for the process y+p—+7°+ p, considering and neg- 
lecting negative energy state transitions, respectively. The curve 
B gives the differential cross section at k=300 Mev/c for the 
process y+n—>r°-+-n. 








"G. Cocconi and A. Silverman, private communication. 
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2. Same as Fig. 1 at k= 250 Mev/¢ 

compared with the theoretical predictions which were 
calculated for a photon energy of 300 Mev since the 
experiment was performed with a photon beam whose 
average energy was 290 Mev. The cross sections calcu- 
lated for k=300 Mev/c using both [//,(p)]. and 
[H2(p) |. are shown in Fig. 1 as curves A; and Ag, 
respectively. The curve A, is far too isotropic in the 
angular region in question to agree with the experi- 
mental results. The curve A» increases steeply from 
§=90° to 45° in qualitative agreement with experi- 
ment, but its behavior from @=90° to 135° is too 
slowly varying. The closest agreement is obtained if 
the cross section is assumed to have the form (2+ 3 
sin’@’) in the center-of-mass system. If this theoretical 
cross section is transformed to the laboratory system, 
the resulting differential cross section in the laboratory 
decreases monotonically as @ increases from 45° to 
135° and is shown in Fig. 9 as curve P. 

The curve A, of Fig. 1 is a plot of the proton cross 
section calculated nonrelativistically with the cata- 
strophic term included and, therefore, may be com- 
pared with the results of the relativistic calculation.” 
At 6=0, where k= e, the relativistic and nonrelativistic 
results are equal. However, as @ increases, the rela- 
tivistic curve remains constant while curve A, of Fig. 1 
decreases. The difference in the shapes of the two curves 
is a result of neglecting terms of order 1/M in the non- 
relativistic calculation. The error is especially large 
because of the destructive interference present when the 
catastrophic term is included. 

If up’= —py, and if the effect of the proton charge 
is neglected, the proton and neutron cross sections are 
equal and their angular dependence is the same as 
curve B of Figs. 1 and 2. These curves, like A» of 
Fig. 1, are too flat from 6=90° to 135°. 
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TABLE I. Ratio & of deuteron elastic cross section when 
gp=—gwn to that when gp=gy.* 
R 
28.: 


16.7 
28.5 


19.4 10.3 x 


The 


* The subscript on R defines which effective Hamiltonian is used 


R; and R> are calculated neglecting and considering negative energy state 
transitions, respectively, while Ry is calculated assuming that the anomalous 
moment alone contributes 


The deuteron elastic cross section depends strongly 
on the relative sign of the neutron and proton coupling 
constants. If we define (da/dQ) p~ and (da/dQ) p* to be 
the elastic cross sections when gp=—gy and when 
£r= gn, respectively, and if we define their ratio to be 
R, we obtain the values given in Table I. 

The significant feature of Table I is the large values 
of R for all three theories. Therefore, if ge= —gy, the 
elastic deuteron cross section is appreciable, but if 
gp=gn, the calculated elastic result is so small that it 
is probably not measurable with the present techniques. 

Figures 3 and 4, and Fig. 9, curve D, show the angular 
dependence of the cross section for the reaction 


y+ D—r+D. 


For meson angles near zero, the relatively well-known 
low momentum components of the deuteron wave 
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Fic. 3. Curves C; and C2 give the differential cross section at 
k=300 Mev/c for the process y+D—+°+D, assuming gp= — gn 
and considering and neglecting negative energy state transitions, 
respectively. 
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Fic. 4. Same as Fig. 3 at k= 250 Mev/c. 


0° 45° 


function contribute while at large meson angles, where 
the momentum transfer AK is not small, the high mo- 
mentum components of the deuteron wave function 
are needed. Therefore, at the small meson angles the 
elastic cross section is quite accurate as well as large. 
At the large meson angles, where the cross section is 
small, the result is uncertain because the high mo- 
mentum components of the deuteron S state wave 
function are not well known and because the D state 
admixture of the deuteron wave function, which we 


a 


180 
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Fic. 5. Curves D; and D, give the upper and lower limits to 
the total cross section for the photoproduction of +° mesons in 
deuterium at 300 Mev/c with gp=—gy and neglecting negative 
energy state transitions. 
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have neglected, might introduce an appreciable correc- 
tion to the cross section.” 

The point at 6=0° of Fig. 9, curve D, is uncertain 
due to the cancellation of the first and second order 
terms in 1/M. 

Figures 5-8 show the variation with angle of the 
upper and lower limits of the total cross section for the 
photoproduction of w° mesons in deuterium calculated 
with [H2(p) ]-+[H2(n)]., that is, neglecting negative 
energy state transitions. At the meson angles near zero, 
where transitions to S states are important, the upper 
limit is quite accurate. For mesons emitted in the 
backward direction, many partial waves contribute to 
the cross section and therefore the lower limit, which is 
actually the plane wave result, is likely to be as close 
to the total cross section as the upper limit. 

We have observed that the measurement of the 
elastic production at any angle determines the sign of 
gr/gy. That is, the coherent production determines the 
relative phase of the proton and the neutron ampli- 
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hic. 6. Same as Fig. 5 at k= 250 Mev/c. 


tudes. For 6>90°, the total cross section is chiefly in- 
coherent and is, therefore, essentially independent of 
the relative sign of gp and gy. However, the cross sec- 
tion at these angles is quite sensitive to the neutron 
contribution and, thus, the comparison of the theo- 
retical results with experiment at large meson angles 
offers a good method for determining the neutron con 
tribution to the x° production. 

Cocconi and Silverman" have measured the ratio of 
the deuterium total cross section to the hydrogen cross 
section when the maximum photon energy is 310 Mev 
and for 6= 45°, 90°, and 135° in the laboratory system. 
We will first consider the 90° ratio. The measured 


result is 
da da 
( ) /( ) = 1,.91+0.09. 
dQ) 7 AQT pJo..90 


'2 Chew, Goldberger, Steinberger, and Yang, Phys. Rev. 84, 
581 (1951). 
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ic. 7. Same as Fig. 5 with gp =e, 

The upper limits to the calculated ratios assuming no 
negative energy state transitions are 1.51 and 1.29 
when gp=—gy and when gp=gy, respectively. The 
larger calculated ratio is smaller than the experimental 
result by about 20 percent which is outside the range 
of the experimental error. The reason why the calcu- 
lated cross section is smail is because the neutron con- 
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FG. 8. Same as Fig. 6 with gp =egy. 
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Fic. 9. Curves P, D, and 7 are the proton, elastic deuterium, 
and upper limit to the total deuterium cross section, respectively, 
for k=300 Mev/c, assuming an interaction which gives a 
(2+3 sin®@’) proton cross section in the center-of-mass system 


tribution is only about one-half that of the proton when 
the measured magnetic moment of the latter is used. 
If we assume that pp’ uy and that the proton 
current does not contribute, however, and furthermore 
that gp’= —gy, the upper limit to the ratio of the total 
deuteron to the proton cross sections at @=90° may be 
estimated to be about 2 in rough agreement with the 
experimental value (see Fig. 9). When @=135° the 
lower limit to the ratio of the total deuteron cross sec- 
tion to the proton cross section is about 1.5, which may 
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be compared with an experimentally measured result 
of 1.53. Therefore, the measured ratio of the total cross 
sections is not inconsistent with the hypothesis that 
the anomalous moment alone contributes to the photo 
m® meson production. The ratio of the upper limit to 
total cross section in deuterium to the hydrogen result 
is 2.1 at 90° and 2.0 at 135° when the proton’s cross 
section is (2+3sin’4’) in the center-of-mass system. 
The ratio at 135° is approximately 33 percent above the 
experimental value, which is not inconsistent consider- 
ing that the experiment at 135° is uncertain to about 20 
percent and the upper limit is probably large by about 
10 to 20 percent. 

Finally, we may predict that if the anomalous mo- 
ments of the proton and neutron alone contribute to 
the photoproduction of 2° mesons, then for k= 300 Mev 


and for 6=90° 
do do 
( ) /( ) -0s 
dQT p dQT p 


A ratio of 0.65 is obtained if the calculation is per- 
formed with the interaction which yields a (2+3 sin*6’) 
distribution for the proton. 

In conclusion, the only interactions which yield a 
ratio of about 2 in agreement with experiment for 
(da /dQ)7/ (do /dQ) p at 0= 90° are the interactions which 


give approximately equal proton and neutron cross 
sections. The production of " mesons in photon- 
nucleon collisions thus appears to be charge inde- 


pendent, although further experiments are clearly 
necessary. 

The author wishes to thank Dr. R. E. Marshak for 
suggesting this problem and for his continued stimu- 
lating guidance. He is also indebted to Dr. C. Longmire 
and Dr. R. Scaletar for their aid in the early stages of 
this research. 
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An experiment is described for measuring average neutron total cross sections over the 3- to 12-Mev 
energy region. The neutron source is a collimated beam of fast neutrons emerging from the Los Alamos 
Fast Reactor, and the detector is a proton recoil ionization chamber which serves as a neutron spectrometer. 
The average energy spread of the measurements is around 10 percent, and the over-all accuracy of the 
cross-section determinations is +10 percent or better. Total cross-section results are presented for H, Be, 
C, O, Al, Si, S, Fe, Cu, Zr, Pb, Bi, and U. Neighboring elements above Fe are observed to exhibit regularities 


in their total cross-section patterns 


I. INTRODUCTION 


A SURVEY of average neutron total cross sections 
in the 3- to 12-Mev energy range has been carried 
out using a method outlined previously.! This report 
presents total cross-section results obtained for thirteen 
elements scattered throughout the periodic table. Most 
of the elements were selected on the basis that previous 
cross-section data were available as a check over part 
of the energy range. This procedure has provided 
comparisons with other total cross-section data and has 
given information on the accuracy, resolution, and 
general reliability of the present method. This type of 
average cross-section information will be useful for 
checking theories treating the variation of total cross 
section with energy. 


II. NEUTRON SOURCE 


The neutron source in these experiments is the Los 
Alamos Fast Reactor.? This reactor possesses ports from 
which collimated beams of fast neutrons can be ob- 
tained. These beams have a maximum diameter of 
about 1 inch, are collimated to within 1°, and possess 
cadmium ratios of 1.00+0.01 as observed with a U*® 
foil. Above 2 Mev the energy spectrum of the neutrons 
emerging from these ports is similar to that of a fission 
neutron spectrum, i.e., the neutron tlux decreases expo- 
nentially with energy such that approximately every 
3 Mev the intensity diminishes by a factor of 10. For 
example, at a reactor power of 20 kw, the collimated 
neutron flux at an energy of 3 Mev is 5X10® neutrons 
cm @ sec ' Mev '', while at 10 Mev the corresponding 
flux is 3X 10". 

By using a neutron spectrometer type of detector the 
continuum of neutron energies present in the reactor 
beam can be converted into pulses whose heights are 
proportional to the neutron energies. The resulting 
pulse-height distribution can then be recorded on a 
multichannel pulse-height analyzer where each channel 
represents a small neutron energy interval. If an ab- 
sorber is inserted in the beam, the transmission and 

* This work was performed under the auspices of the U. S 
Atomic Energy Commission. 

1N. Nereson, Phys. Rev. 87, 221 (1952). 

? Rev. Sci. Instr. 18, 688 (1947). 


total cross section of the material can be determined 
as a function of neutron energy. 

The rapid decrease of the neutron flux with energy 
sets an upper energy limit to the method at about 13 
Mev; above this energy the reactor neutron flux is so 
small that excessive running times are required to 
obtain adequate statistical accuracy. At energies below 
12 Mev, it is possible to attain 5 percent statistics on 
cross-section determinations within several hours. A 
lower energy limit of 3 Mev was selected in this cross- 
section survey since a considerable amount of cross- 
section data have already been obtained with better 
resolution below an energy of 3 Mev. 


III. DETECTION SYSTEM 
A. Ionization Chamber 


The neutron spectrometer detector is a parallel plate 
ionization chamber. The chamber operates directly in 
the collimated neutron beam from the reactor port. A 
radiator containing hydrogen or deuterium* (poly- 
ethylene) is used to convert the neutrons into proton 
or deuteron recoils. A platinum collimator immediately 
following the radiator allows the collimated particles 
emerging up to 10° of the forward direction to enter 


Fic. 1. Perspective view of ionization chamber. 


’The polyethylene with its hydrogen replaced by deuterium 
was prepared by Dr. Anthony Ronzio of this Laboratory. 


775 





N. NERESON 


20° BEAM aT «a 


20° @f4am at & 








FRISCH 
+ GRID 
FLEXIBLE CONDUIT CONNECTOR 


FOR AMPLIFIER LEAD KOVAR-GLASS SEAL” 


sparen 


TO PURIFIER 
TO AMPLIFERS — 


AND S. 


DARDEN 


HIGH ~VOLTAGE 
CONNECTOR 
































MAIN CHAMBER 
COLLECTING ELECTRODE 


Fic. 2. Front and side views of ionization chamber. 


the chamber volume. The energies of these collimated 
proton or deuteron recoils are determined by measuring 
their pulse height in a parallel plate ionization chamber 
equipped with a Frisch grid. In order to reduce back- 
ground effects, the charged particles first pass through 
a small proportional counter before entering the main 
chamber volume. ‘The proportional counter signal is 
operated in coincidence with the main chamber signal. 
However, only the pulse height from the main chamber 
is measured ; the energy deposited by the recoil particles 
in the collimator and proportional counter is only a few 
percent of their total energy and can be calculated with 
sufficient accuracy. In order to avoid measuring recoils 
which leave the main chamber volume, another separate 
electrode is used which immediately follows the main 
collecting electrode. The signal from this end electrode 
operates in anticoincidence with the coincidence signal 
obtained from the main chamber and proportional 
counter. 

A perspective view of the chamber is illustrated in 
Fig. 1, and front and side views are given in Fig. 2. The 
high voltage or top electrode is curved in order to 
increase the probability of the electrons being directed 
toward the grid rather than the outer walls of the 
chamber. Both collecting electrodes operate at ground 
potential. The shape of the collecting, grid, and high 
voltage electrodes is in the form of a trapezoid whose 
width is about 1 in. greater than that of the emerging 
proton beam. The main reason for this particular shape 
is to reduce the capacity of the collecting electrodes. In 
the present design, the capacities of the main chamber 
and end chamber are 35 yuf and 20 wuf, respectively. 

The length of the collecting electrode is designed so 
that useful signal output is secured over a factor of two 
in neutron energy using one type of recoil particle with 
one gas filling. By a combination of proton and deuteron 
radiators, a factor of three in neutron energy can be 


covered with one gas filling. For example, at an absolute 
pressure of 40 psi the neutron energy range from 4.5 to 
13.5 Mev can be investigated. The gas filling has usually 
consisted of a mixture of welding argon plus 2 percent 
carbon dioxide. With the above gas filling, the average 
time for the pulse from the main chamber to reach 
maximum height is about 1 usec. 

A weak Pu*® alpha-source, permanently mounted on 
the high voltage electrode, serves as a check on the 
operation of the chamber and amplifier in addition to 
calibrating the pulse height in terms of energy. A 
deposition of 5 Mev of energy in the main chamber 
gives a pulse height which is about 25 times the rms 
noise level of the amplifier system. A_pulse-height 
distribution curve from this alpha-source gives a total 
width of about 3 percent at half-maximum height. This 
width is almost entirely due to amplifier noise and, 
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Fic. 3. Detail of collimator and proportional counter. 
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Fic. 4. Instrumentation and pulse shapes associated with ionization chamber. a. Coincidence between these two signals necessary 


for analyzer to count; b. coincidence necessary for anti-coincidence gate output; c. 


occurrence of this gate prevents analyzer from 


counting; d. dotted lines show approximate range of pulse-height peaks. 


consequently, would be expected to increase with 
decreasing energy. In its present design, the chamber 
has been mainly used for neutron energies above 3 Mev. 
The practical lower energy limit of the present chamber 
design is about 2 Mev. 

The alpha-source on the top electrode was used to 
determine the saturation characteristics and proper 
operating potentials for the chamber. Curves of pulse 
height vs top electrode potential (V,) at a fixed grid 
potential (V,) show a rising characteristic followed by a 
broad maximum. This maximum region is undoubtedly 
due to the variation of electron drift velocity in the 
argon-carbon dioxide gas mixture.’ The same maximum 


* See, for example, E. Klema and J. Allen, Phys. Rev. 77, 661 
(1950). 


value of alpha pulse height was observed at all pressures 
below 40 psi. However, at 49 psi the curves show the 
saturation pulse height is 3 percent less than at the 
lower pressures ; a 4 percent decrease in maximum pulse 
height was observed at a pressure of 57 psi. Apparently 
electron attachment begins to have a noticeable effect 
at the higher pressures. The curves of pulse height vs V, 
at a fixed V, also show a rise followed by an extended 
maximum. The center of this maximum region occurs 
at about V,=V,/4, and the chamber was usually 
operated at this grid potential value. The potential 
which would normally exist at the position of the grid 
due to V, alone amounts to V,/5.5. A conventional 
calcium purifier maintained continuously at a temper- 
ature of 275°C keeps the pulse height constant. A 
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representative example for a fixed gas filling shows that 
the alpha pulse height did not deviate more than +0.5 
percent during two months of operation. 

A detail of the collimator and proportional counter 
assembly is illustrated in Fig. 3. The collimator consists 
of about 250 holes, each 0.047 inch in diameter, drilled 
with a 1 inch diameter circle in a 0.27 inch thick piece 
of platinum. The collimator is divided into two parts 
with a 0.0003-inch dural foil sandwiched between the 
two pieces. The dural foil serves as a pressure seal and 
thin window for admitting the proton or deuteron 
recoils to the chamber. This construction has the ad- 
vantages of permitting radiators to be exchanged or 
removed on the exterior of the chamber and of not 
disturbing the gas filling during this procedure. In order 
to reduce background counts, i.e., counts obtained with 
the radiator removed, it is essential to remove all traces 
of grease and organic material from the collimator. 

The small proportional counter following the colli- 
mator consists of two wires 1 mil in diameter mounted 
between two plane surfaces spaced 1 cm apart. One of 
these surfaces is the inside face of the collimator, and 
the other surface consists of a wire grid mounted on a 
platinum ring. The grid wires define the field of the 
counter and permit the recoil particles to pass through 
the interspaces into the main chamber.® Two collecting 
wires were used in order to insure adequate field 
strength over the entire collimator area. The counter 
multiplication depends upon the particular pressure 
and voltage in use and varies over a range from 5 to 20. 
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Fic. 5. Pulse-height distribution obtained from chamber with an 
alpha-source placed in front of collimator. 
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The total rise time of the proportional counter signal is 
about 0.1 usec for an argon—2 percent carbon dioxide 
gas mixture. As shown in Fig. 3, the potentials for this 
counter are derived from the main chamber high 
voltage supply. 

The various electronic units and pertinent signal 
shapes associated with the ionization chamber are 
diagrammed in Fig. 4. A 12-channel pulse-height 
analyzer® is used to sort out the pulses from the main 
amplifier. The analyzer can register a count only during 
the occurrence of a coincidence gate signal which is 
initiated by the proportional counter. The delay and 
width of this gate is adjusted to coincide with the 
signals from the main chamber. The actual delay and 
time spread of the main chamber signals vary with the 
particular pressure and voltage in use on the chamber, 
but these factors can easily be ascertained by oscillo- 
scope observation. Usually, the width of the gate is 
adjusted to approximately 3 usec since the time spread 
of the main chamber signals averages about 2 usec. 

The analyzer cannot register a count during the 
period of an anticoincidence gate which is initiated by 
the end chamber. The end-chamber anticoincidence 
signal must logically occur shortly after a proportional 
counter signal; this is assured by having the end- 
chamber signal in coincidence with an undelayed gate 
produced by the proportional counter. The analyzer 
circuit delays each analyzed signal by 5 usec before the 
signal goes to the scaler units. This is advantageous in 
the present case since late anticoincidence gates pro- 
duced by protons near the high voltage electrode have 
ample time to nullify the channel output signal. 


B. Check with Alpha-Particles 


Preliminary testing of the chamber was carried out 
by placing an alpha-source at the position normally 
occupied by the radiator. The alpha-source consisted of 
the active deposit of thorium ; this source has a half-life 
of 10.6 hours and emits two main alpha-groups having 
energies of 8.776 and 6.054 Mev. The source was 
deposited within a 1-in. diameter circle on a platinum 
disk. With the source placed 0.15 in. away from the 
front face of the collimator, the pulse-height distribution 
shown in Fig. 5 was obtained. The designations R, and 
E, refer, respectively, to the range and energy of the 
alpha-particles in the main chamber and were calculated 
from standard range-energy curves.’ The energy Eons 
is the main chamber energy calculated from the above 
pulse-height distributions using the 5.14-Mev alpha- 
source for a pulse height vs energy calibration. The 
values of E, and EF,» are in good agreement which 
proves: (1) the main chamber collects all of the ioniza- 
tion produced beyond the grid wires of the proportional 
counter, and (2) it is satisfactory to use an alpha-source 


6 Wilkin Johnstone of this Laboratory is responsible for the 
design of the multichannel analyzer and gating circuits. 

7 Aron, Hoffman, and Williams, Atomic ‘Energy Commission 
Report AECU-663 (1949), unpublished 
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mounted on the high voltage electrode as an energy 
standard for determining the energy deposited in the 
main chamber by particles arriving from the collimator. 

The alpha-particle distributions show a total width 
at half-maximum of 7.5 percent and 4 percent, respec- 
tively, for the low and high energy distributions. Since 
the width of the 5.14-Mev alpha-source on the high 
voltage electrode is about 3 percent, the larger widths 
for the collimated alphas mainly arise from energy 
straggling in the collimator, dural foil, and proportional 
counter. The energy spread is less when the collimated 
particles deposit a greater fraction of their total energy 
within the main chamber volume, e.g., when the 
chamber is operated at a lower pressure. Another factor 
which broadens the energy spread at lower energies is 
the noise level of the amplifier; at low energies the noise 
level is a larger fraction of the pulse height than at the 
high energies. 

The collimated alpha-particle distributions exhibit 
low energy areas which amount to 12 and 18 percent 
respectively of the total areas under the high and low 
energy distribution curves. The alpha-source on the 
high voltage electrode does not show the above effect. 
Since similar low energy regions are observed in the 
distributions for collimated protons and deuterons, it 
seems reasonable to conclude that these extraneous 
low energy particles are produced in the collimator. 
Their source probably arises from the original particles 
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penetrating the edges of the collimating tubes or being 
scattered by the walls of the collimating holes. 


C. Check with Neutrons 


It seemed essential to test the chamber with mono- 
ergic neutrons in order to duplicate the actual condi- 
tions in which the chamber would be used. A Los 
Alamos electrostatic accelerator, utilizing the dd reac- 
tion, provided a monochromatic source of neutrons with- 
in the 5-Mev to 7-Mev energy range. In all of these tests 
the radiator was located 8.5 in. from the end of the 
deuterium gas target of the accelerator. The target 
pressure was usually about 6 psi absolute ; this pressure 
gave a total neutron energy spread ranging from 0.3 to 
0.2 Mev for the 5- to 7-Mev range. The chamber was 
filled with the customary filling of welding argon plus 
2 percent carbon dioxide. Irradiations were made with 
chamber pressures varying from 20 to 57 psi absolute 
and with polyethylene foil radiators in the 2 to 10 
mg/cm* region. The bias on the proportional counter 
gate circuit was adjusted for normal operation, i.e., set 
slightly lower than that required to detect those protons 
traveling the full range of the main collecting electrode. 

Typical results of the neutron bombardments are 
illustrated in Fig. 6 where the number of main chamber 
pulses in 2-volt channels are shown as a function of 
pulse-height and neutron energy. The energy £,, is the 
neutron energy calculated from the 5.14-Mev alpha- 
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source standard and other chamber constants, while 
E,’ is the neutron energy derived from the d,d source. 
Out of a total of ten irradiations the peak of the chamber 
pulse-height (or energy) distributions always agreed 
within 1 percent with the energy derived from the 
accelerator source. When obtaining the neutron or 
proton recoil energy from the alpha-source pulse height, 
it is important that the chamber is operated at satura- 
tion voltage for the alpha-particles. 

The curves in Fig. 6 have a total width at half- 
maximum which ranges from 9 to 11 percent of the 
mean neutron energy; this is consistent with the 
expected width. For example, with a polyethylene 
radiator of 6 mg/cm’ at a neutron energy of 6 Mev, 
the following quantities contribute to the resolution 
width: (1) the radiator gives a total energy spread of 
8 percent, (2) the gas target on the accelerator pro- 
duced an energy spread of 4 percent, (3) amplifier noise 
and chamber collection characteristics show a combined 
width of 3 percent as determined by the alpha-source 
pulse distribution, (4) the angular divergence of the 
protons from the collimating holes produces an energy 
width of about 2 percent, (5) the analyzer channel 
width of 2 volts contributes a width of 3 percent, and 
(6) proton energy straggling in the collimator, dural 
foil, and proportional counter probably contributes 
about 1 percent to the width. The resultant width of 
the above six contributions is slightly over 10 percent 
which agrees with the experimental result in Fig. 6. 
Since the radiator is responsible for the largest contri- 
bution to the energy width, the resolution can be 
improved slightly by using a thinner radiator. For 
example, with a 3 mg/cm? radiator at 6 Mev, the energy 
spread from the radiator is 4 percent and the expected 
resultant width would be about 8 percent; experiments 
verify this value. 

All of the curves except one are shown with back- 
ground effects subtracted. Two types of chamber back- 
ground were experimentally measured: (1) that ob- 
tained with the hydrogenous radiator removed, and (2) 
that resulting with the radiator in place when a poly- 
ethylene shadow cone was placed between the target 
and radiator. The exact source of these background 
contributions is not known but it seems probable that 
the first type of background arises mainly from organic 
matter present on the inside face of the collimator and 
also from n,a@ reactions in the argon gas. The second 
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background effect is most likely caused by neutrons 
being scattered into the radiator by the large frontal 
surfaces of the chamber. Typical magnitudes of the 
above two background effects obtained with the acceler- 
ator source are shown in the lower right corner of 
Fig. 6. These background curves represent upper limits 
since subsequent experiments showed that the first type 
of background can be reduced by a better cleaning of 
the collimator, and both types of background were 
improved by using delay line clipping instead of RC 
clipping on the main chamber pulses. Little effort was 
directed towards securing the lowest possible chamber 
background since in the practical application of the 
chamber these background effects were small and 
usually did not enter directly into the measurements. 

The curves in Fig. 6 show an extraneous low energy 
region which comprises about 25 percent of the total 
proton recoils. As in the case with alpha-particles, these 
low energy recoils are believed to arise from protons 
being scattered by the collimator walls or protons 
penetrating the edges of the collimating holes. Scat- 
tering effects would be expected to decrease with energy 
whereas penetration effects would increase with the 
energy and range of the particle. Deuteron radiators 
instead of proton radiators have been used at neutron 
energies above 7 Mev in an attempt to diminish pene- 
tration effects. Unfortunately, no monoergic neutron 
checks using deuteron radiators in the chamber have 
been made since these radiators were not available at 
the time of the accelerator tests.* 

The presence of the low energy component in the 
energy distributions of Fig. 6 is the main reason why 
the present chamber design is not suitable as a general 
fast neutron spectrometer. The above effect probably 
could be minimized by designing a collimator with a 
smaller ratio of wall surface to hole area.’ Also, the 
use of deuteron recoils will improve the distribution. 

The present ionization chamber detector is well suited 
for use with a fission type neutron spectrum. In this 
type of spectrum the extraneous low energy component 
produced in the platinum collimator is a smaller 
percentage of the total neutron intensity than in the 
case of a monoergic source. For example, using the 


* Supporting experiments have been carried out using the 
electrostatic accelerator as a 6.3-Mev neutron source, a proton or 
deuteron radiator followed by an identical collimator to that used 
in the chamber, and a nuclear ~ as a detector. The resulting 
recoil distributions showed (1) no low energy area with the 
collimator removed, (2) a 25 percent low energy region with the 
collimator and proton radiator, and (3) a 20 percent Jow energy 
region with the collimator and deuteron radiator. These experi- 
ments proved that an improved distribution curve is obtained with 
deuteron recoils and that the collimator itself (rather than some 
part of the main chamber) is entirely responsible for the energy 
degradation effect. 

*The simplest way to accomplish this is to employ larger 
collimating holes so recoil particles could emerge at angles greater 
than 10°. This change would also aid in increasing the intensity 
of the recoils but would demand further separation of the chamber 
electrodes as well as increasing their width. Another suggestion is 
to make the collimating holes taper toward the center, i.e., have 
an hour-glass shape. 
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6-Mev energy distribution curve of Fig. 6 and a neutron 
spectrum which decreases exponentially by a factor of 
10 every 3 Mev, a calculation shows that this low 
energy contribution is about 15 percent of the total 
proton recoil intensity at 6 Mev. 

Other background effects associated with the above 
spectrum can be measured experimentally with the fast 
reactor neutron beam. First, the background obtained 
with the proton radiator removed is a maximum of 8 
percent at energies around 3 Mev and decreases to a 
minimum of 2 percent at energies around 13 Mevy.'” 
With a deuteron radiator, the above background figures 
are reduced by a factor of two. This background is 
observed with the coincidence gate rate adjusted to the 
same value as with the radiator in place. The latter 
procedure is followed in order to include accidental 
coincidences in this same background figure. The 
ungated main chamber counts increase only by 20 
percent when a radiator is inserted and, as a result, the 
accidental counts do not decrease appreciably with the 
radiator removed provided that the coincidence gate 
rate is adjusted to its normal value. The accidental 
counts comprise about one-third of the above back- 
ground percentages and are determined by setting the 
delay of the coincidence gate at a large time value like 
20 usec or longer. Second, the background arising from 
neutrons scattered by the chamber walls into the 
radiator is negligible. This was checked by inserting a 
10-in. length of polyethylene in the beam and noting 
that the observed small intensity corresponded to the 
transmission expected from this absorber length. 

A check on the operation of the chamber in the fast 
reactor neutron beam consisted of verifying the expo- 
nential absorption law for neutrons. The chamber 
counting rate was observed as various thicknesses of 
carbon were placed in the beam. The results show that 
the intensity varies exponentially with carbon thickness 
down to transmissions of about 0.25. Below transmis- 
sions of 0.25, the observed values lie about 1 to 2 
percent above the line determined by the previous 
points; evidently, multiple-scattering effects begin to 
appear in the results obtained with long absorbers. In 
order to minimize multiple-scattering effects, total 
cross-section measurements are made with absorbers 
having transmissions greater than 0.3 (usually 0.5). 


IV. TOTAL CROSS SECTIONS 
A. Experimental 


The experimental arrangement for measuring neutron 
total cross sections is illustrated in Fig. 7. Since the 
majority of neutrons originate just beyond the far end 
of the steel collimator, the neutron source is about 40 in. 
distant from the sample. The experimental geometry 
on the source side of the sample is therefore very good, 

10 This background, when expressed in percent, will vary with 
radiator thickness. The thicknesses used here were such that the 


energy spread from the radiator alone never exceeded 10 percent 
of the mean neutron energy. 
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but the geometry on the detector side is only fair. When 
the above geometry is used, the correction for in- 
scattering in the light elements can be neglected, since 
it does not exceed 0.6 percent for energies below 12 Mev. 
For the heavy elements, this correction amounts to a 
maximum of 1.3 percent at 12 Mev." All of the ab- 
sorbers employed were checked for uniform density 
and were at least 98 percent pure. 

In a typical cross-section measurement the open 
beam intensity /) and the intensity / resulting with an 
absorber inserted in the beam are observed on the 
12-channel analyzer over an energy interval of 3 to 4 
Mev. The radiator is then removed," and the corre- 
sponding background intensities /», and /) are recorded. 
The transmission 7=(/—J»)/(lo—Jo,) can then be 
obtained and the total cross section calculated for a 
maximum of 12 energy values. With certain radiators 
the percent background is the same for the open beam 
run as for the sample run (Le., /,//=Jos/Jo), and in 
this case it is not necessary to take background runs. 
A maximum numerical difference of 2 percent has been 
observed between background percentages taken with 
the open beam and with a sample. 

Statistical reasons account for restricting a given set 
of data to a 3- or 4-Mev energy interval. The neutron 
source intensity decreases by a factor of 20 every 4 Mev 
and the cross section of hydrogen diminishes by approxi- 
mately a factor of 1.5 over this energy interval. There- 
fore, if a cross section is measured to +1 percent 
statistical accuracy at the beginning of the interval, 
the corresponding accuracy at the end of a 4 Mev 
interval is approximately +8 percent. The data for 
next higher energy intervals are made to overlap the 
previous one, and the data for this interval are taken 
with a thicker radiator and a greater analyzer channel 
width in order to improve the accuracy at the end of 
the previous energy interval. The radiator thickness is 
usually chosen so that the energy spread of the entire 
" Calculated from neutron diffraction scattering curves, B. 
Feld et al., Atomic Energy Commission Report NYO-636 (1951), 
unpublished. 

® More precisely, a blank piece of platinum is substituted for 
the radiator and its associated platinum backing. A #-in. thick 
piece of platinum precedes the radiator in order to prevent 
charged particles, created externally to the radiator, from entering 
the chamber volume. 
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Fic. 8. Average neutron total cross sections of H, Be, C, O, Al, Si, and S. The references in the figure are 
(1) Coon, Graves, and Barschall, Phys. Rev. 88, 562 (1952 b) : (2) J. M. Blatt and J. D. Jackson, Phys. Rev. 
76, 18 (1949); (3) R. Ricamo and W. Ziinti, Helv. Phys. Acta 8, 419 (1951); (4) G. H. Stafford, Proc. Phys. 
Soc. (London) AG4, 388 (1951); (5) Frier, Fulk, Lampi, and Williams, Phys. Rev. 78, 508 (1950); (6) Los 
Alamos Electrostatic Accelerator Group, unpublished data, 1952; (7) R. Ricamo, Nuovo cimento 8, 383 
(1951); (8) Miller, Adair, Bockelman, and Darden, Phys. Rev. 88, 3 (1952) 
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Fic. 9. Average neutron total cross sections of Fe, Cu, Zr, Pb, Bi, and U. 


detector system is slightly greater than 10 percent at 
the beginning of the energy interval (see Table 1). 
However, for neutron energies above 10 Mev the 
average energy spread has been increased to about 14 
percent so as to obtain better accuracy in the 10-13- 
Mev energy region. 

All of the radiator thicknesses listed in Table I are 
not always used in every cross-section determination. 
For example, the 6 mg cm* CH, radiator is frequently 


omitted if the cross section does not vary rapidly in the 
5.5 to 7.5-Mev energy region. Also, the 25 mg/cm? CD, 
radiator has been only used to obtain better statistical 
accuracy in the 12- to 14-Mev energy region. Although 
the present experiment is capable of providing only 
+5 percent statistical accuracy over the 3- to 12-Mev 
energy region, it is nevertheless useful to obtain a point 
around 13 Mev in order that the data can be extended 
closer to the 14.1-Mev value which is accurately known. 
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B. Results 


The results of the measurements are shown in Figs. 
8% and 9 where the average neutron total cross section 
o, is plotted against neutron energy E,. The data 
obtained with the various radiator thicknesses are 
identified by separate symbols. A solid line representing 
the average cross section has been drawn through the 
present experimental points only in energy regions 
where better resolved data do not already exist. Where 
more accurate cross-section information is available, 
the points from the present experiment are plotted 
merely for comparison purposes. Since the present 
method gives poor statistical accuracy above 12 Mev, 
a dashed line over the 12- to 14-Mev region indicates 
that the cross-section behavior in this energy interval 
is uncertain. In conformity with the objective of 
measuring average cross sections, a smooth curve has 
been generally drawn through the data points rather 
than a detailed curve following small fluctuations. 
This procedure has been especially followed in regions 
where cross-section variations are smaller than the 
resolution of the measurements and where the errors 
are large, as over the 12- to 14-Mev range. 

Hydrogen provides a good check measurement on an 
average cross section since this cross section contains 
no resonances and is well known. The hydrogen data 
were obtained by employing polyethylene and carbon 
absorbers. The results agree well with the theoretical 
curve of hydrogen for the case of the singlet effective 
range r,= 210° cm. It is interesting to note that a 
better fit can be observed for r,= 2X 10~-" cm than for 
r,=1 or 3X107-" cm. 

The resonances in the cross sections of beryllium and 
carbon provide information on the resolution of the 
present measurements. The wide resonances, such as 
the 3.6-Mev carbon resonance, are satisfactorily repro- 
duced by the present method. The 2.75-Mev beryllium 
resonance (15 percent energy width) is not accurately 
followed near the peak of the resonance and therefore 
probably represents the limiting resolution of the 
method at this energy; this is consistent with the fact 
that the 2 mg/cm* CH, radiator contributes an energy 
spread of 14 percent at the above energy. The beryllium 
resonance check indicates that it is satisfactory to 
determine the energy resolution from the detector 
constants. Narrow resonances (2-3 percent energy 
width), such as the 6.3-Mev carbon resonance and the 
4.4-Mev oxygen resonance, show as slight rises in the 
present measurements. 

The carbon measurements are a representative ex- 
ample of how the present data average out the narrow 
peaks and dips in cross-section determinations using 
better resolution ; however, in the energy regions where 
the carbon cross section does not fluctuate rapidly, the 
data agree well with the other measurements. The 
electrostatic accelerator check measurements indicate 
multiple structure is present in the large carbon reso- 
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nance centering at 7.8 Mev. The low energy side of the 
above resonance demonstrates how the resolution is 
improved with the 6 mg/cm? CH; radiator over that of 
the 7 mg/cm? CD, radiator. In energy regions where 
cross-section results vary with energy, the better 
resolved values from the thinner radiator have usually 
been given preference to the more statistically accurate 
results from the thicker radiator. 

The two sets of oxygen measurements were made by 
using the combinations beryllium oxide-beryllium and 
quartz-silicon. In regions where statistical errors are 
small, the differences between these two sets of meas- 
urements are probably indicative of the systematic 
errors present in this experiment, viz., sample purity, 
sample measurement and weighing, amplifier drift, and 
analyzer instability. Except for three points, the two 
sets of data are in agreement within +10 percent. 
It is difficult to understand why the data do not agree 
better with the high energy side of the oxygen reso- 
nance centering at 3.5 Mev; the discrepancy is in the 
wrong direction to be accounted for by poor resolution. 

Except possibly for silicon and sulfur, no outstanding 
similarities in cross-section behavior are observed in the 
light element results of Fig. 8. It is interesting to note 
that both silicon and sulfur show cross-section minima 
in the energy regions of 3.5-3.7 and 5.6-5.8 Mev." 
However, this common feature may be accidental rather 
than a regularity since the adjacent element, aluminum, 
does not show a similar pattern. More information on 
neighboring elements is needed to establish conclusive 
cross-section trends for elements in this region. 

Common tendencies in average cross-section patterns 
of neighboring elements are much more evident for the 
heavier elements illustrated in Fig. 9. Both iron and 
copper possess broad maxima centering about 5 to 6 
Mev and show a decrease in cross section at higher 
energies. Zirconium, removed from the above elements, 
shows an entirely different behavior, viz., a minimum 
in the 5- to 6-Mev region and a considerably smaller 
percentage change in cross section at higher energies. 
The heavy elements, bismuth, lead and uranium, show 
the cross-section regularities of a broad maximum 
around 3.5 Mev, a rather rapid decrease from 5 to 9 
Mev, a minimum in the 9.5- to 11.0-Mev region, and a 
slow increase towards 14 Mev. The above minimum 
appears to shift towards higher energies with increasing 
atomic number. (The lead cross-section measurements 
consistently showed a small dip at 3.5 Mev.) 

The above results are similar to the cross-section 
regularities observed by Barschall'* and by Miller and 
others'’® in the 0.1- to 3-Mev energy region. Further 


‘8 The second minimum is probably not resolved by the pres- 
ent measurements. 

‘4H. Barschall, Phys. Rev. 86, 431 (1952). 

'® Miller, Adair, Bockelman, and Darden, Phys. Rev. 88, 83 
(1952). 
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measurements are being carried out on additional ele- 
ments as more information is desirable to confirm the 
cross-section trends observed for the present elements. 

The authors wish to thank the electrostatic acceler- 
ator group for using their machine tocheck the ionization 
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chamber detector and also for measuring the total 
cross section of carbon as a check on the present 
measurements. Edward Jurney of this laboratory 
assisted materially in the early development of the 
detector. 
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Cross Section for the Reaction D(d,p)H*t 


C. F. Cook anp J. R. Smitu* 
Rice Institute, Houston, Texas 
(Received October 31, 1952) 


Cross sections for the reaction D(d,p)H* have been measured between 50 and 100 kev, using thin targets 
of deuterium absorbed in zirconium. With the angular distribution data of Wenzel and Whaling, the total 
cross sections have been calculated. The total cross section at 100 kev is measured to be 14.8 millibarns 
A gas target was used to determine the cross section at 420 kev. The value obtained was 49.3 millibarns 


INTRODUCTION 


EASUREMENT of the cross section for the 

reaction D(d,p)H* has been the object of several 
experiments,'~‘ using both thick and thin targets. The 
present investigation utilizes thin targets of deuterium 
absorbed in zirconium films evaporated on to }3-in. 
aluminum disks. Targets of this type have been success- 
fully used to measure the d-T cross section, and the 
paper by Conner, Bonner, and Smith® discusses their 
preparation. 


EXPERIMENTAL METHOD 


The experimental apparatus used was essentially the 
same as that employed in measuring the d-T cross 
section at low energies, and the reader is referred to the 
earlier paper for details of the construction. The 
deuteron beam from the Cockroft-Walton accelerator 
was separated into its mass components and deflected 
10° by a magnetic field. The beam was collimated by 
two ;;-in. diameter apertures, one of which was 10 cm 
above, the other 30 cm below the center of the 23-in. 
diameter pole faces of the magnet. Deuterons then 
struck the target at an angle of 20° to the normal. 
Disintegration protons were counted at an angle of 90° 
to the incident deuteron beam by a counter filled to a 
pressure of } atmosphere with a mixture of argon plus 
5 percent CO2. The counter accepted protons in a solid 
angle defined by a 1.00-cm circular aperture located 
7.64 cm from the center of the target. The solid angle 


t This work was supported by the U. S. Atomic Energy Com- 
mission. 

* National Science Foundation Predoctora! Fellow. 

1 Bretscher, French, and Seidl, Phys. Rev. 73, 815 (1948). 

2 Moffat, Roaf, and Sanders, Proc. Roy. Soc. A212, 220 (1952). 

3 Arnold, Phillips, Sawyer, Stovall, and Tuck, Phys. Rev. 88, 
159 (1952). 

4W. A. Wenzel and W. Whaling, Phys. Rev. 88, 1149 (1952). 

5 Conner, Bonner, and Smith, Phys. Rev. 88, 468 (1952). 


was thus 0.01346 steradian. With a voltage of 1300 v 
on the counter, the bias curve showed a plateau 40 
volts wide. 

The number of incident deuterons was determined 
by measuring the charge deposited on the target with a 
current integrator of the type described by Watt.® 
Secondary electrons produced at the lower slit and at 
the target were electrostatically repelled to their 
respective origins. Correction for neutralized deuterons 
in the beam was made by taking a background count 
with the charged beam bent away from the target by a 
strong permanent magnet placed between the target 
and the lower slit. At the highest energies the neutral 
correction amounted to 2 percent; at 50 kev it was 
4 percent. 

The number of deuterium atoms per square centi- 
meter of the Zr targets was determined by comparing 
the proton yield of each target with that of a deuterium 
gas target. The gas target is illustrated in Fig. 1. The 
deuteron beam from the Van de Graaff generator was 
defined by S’ to be 5 mm in diameter and then entered 
the target through an aluminum foil having a thickness 
of 1.26 mg/cm’. The energy of the deuterons incident 
on the foil was 800 kev. The energy loss in the foil was 
calculated from the data of Warshaw’ to be 380 kev, so 
that the energy of the deuterons incident on the 
deuterium gas was 420 kev. Protons from the d-D 
reaction were counted at an angle of 90° to the beam 
by a counter consisting of thin anthracene flakes 
mounted on a 5819 photomultiplier tube. The solid 
angle was defined by aperture B, a }-in. hole covered 
with an aluminum foil 0.020 mm thick and located 
4.4 cm from the center of the beam. When the yield of 
the gas target was to be determined, slit A, 0.626 cm 


® B. E. Watt, Rev. Sci. Instr. 17, 334 (1946). 
7S. D. Warshaw, Phys. Rev. 76, 1759 (1949). 
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wide, detined a length of beam as the source of protons. 
The effective length of beam seen by the counter was 
calculated to be 0.690 cm. When the yields from the 
Zr-D targets were to be determined, slit A was removed 
and a target holder inserted. The Zr-D targets were 
held so that the deuteron beam struck them at an 
angle of 20° to the normal, which is the same angle at 
which data were taken on the Cockroft-Walton acceler- 
ator. 


RESULTS 


Three calibrated targets were used to determine the 
D-D cross section at 100 kev. Two of these had Zr 
deposits of 50 ug/cm’, and the third had 25 yg/cm’. 
The respective energy losses for deuterons at 100 kev, 
including the loss in the deuterium, were 8 and 4 kev.7"* 
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Fic. 1. Gas target arrangement for calibration of zirconium 
deuterium filled targets with the Van de Graaff. The analyzed 
beam passed through collimator 5S’, through the secondary 
electron guard electrode S, through the foil F into the gas target. 
Connections to S’ and S were made by colloidal graphite lines 
painted on the inside of the glass tube. The slits A and B defined 
the counting length of the beam as seen by the photomultiplier. 


The average value for the differential cross section at 
90° was found to be 1.01 mb/steradian at 100 kev. 
The total cross section was computed from the differ- 
ential cross section, using the angular distribution data 
of Wenzel and Whaling.‘ The value obtained was 14.8 


§C. M. Crenshaw, Phys. Rev. 62, 54 (1942). 
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D(d,p)H® total cross section. Deuteron energies plotted 
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Fic. 2. 


mb. The probable error, computed from the deviations 
from the mean with the three targets, was 4 percent. 
Total error is estimated at 6 percent. 

Cross sections below 100 kev were obtained with a 
Zr-D target for which the energy loss for 100-kev 
deuterons was 8.5 kev. This target was not calibrated, 
but absolute magnitudes were obtained by normalizing 
the yield curve to the mean value given by the three 
calibrated targets at 100 kev. The d-D excitation 
curve for the region 50-100 kev appears in Fig. 2. 
Since the curve is approximately linear in this region, 
deuteron energies plotted are those at the center of the 
target. 

The gas target yield obtained during the Zr-D 
target calibration was used to calculate a value for the 
cross section at 420 kev. The resulting value was 
2.88 mb/steradian at 90° in the laboratory system. 
Using the angular distribution data of Wenzel and 
Whaling, we obtain 49.3 mb as the total cross section 
at 420 kev. 

Our measurements using Zr-D targets are from 4 
percent (at 100 kev) to 17 percent (at 60 kev) lower 
than the recent measurements of Arnold e/ al.,’ and 
from 7 percent to 25 percent below the results of 
Wenzel and Whaling.‘ The value for the cross section 
at 420 kev is 8 percent below that reported by Wenzel 
and Whaling. 
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Nuclear Alignment and the Entropy of Liquid He* 


BERNARD WEINSTOCK, BERNARD M. ABRAHAM, AND DARRELL W. OsBornt 
, . ° ° ys 
Argonne National Laboratory, Lemont, Lilinois 


(Received November 10, 1952) 


By consideration of the saelting pressure data it is shown that calculations implying thac the nuclear 
spins in liquid He’ are appreciably aligned at temperatures above 0.5°K are inconsistent with the assumption 
that the nuclear spins are randomly oriented in the solid. The expression 


Stiq=R In2+0.344RT +0.013RT* 


for the entropy of liquid He® (including the nuclear spin entropy) is consistent with the vapor pressure 
data from 1.0°K to 2.5°K and with the melting pressure data from 0.5°K to 1.5°K 


INCE He’ has a nuclear spin of }, there is a contri- 

bution of Rln2=1.38 cal deg™' mole to the 
entropy at temperatures where the spins are randomly 
oriented. At sufficiently low temperatures the spins in 
solid and liquid He’ will be aligned in an ordered 
fashion, and the nuclear spin entropy will become zero. 
It is well known that solids (excluding those with ortho 
and para modifications) do not begin to lose their 
nuclear spin entropy until temperatures below 0.01°K 
have been reached; therefore, it is expected that the 
entropy of solid He* will be R In2 or more down to at 
least 0.01°K. In liquid He*, however, according to the 
calculations of Pomeranchuk,! Lifshitz,? and Singwi,* 
there is an appreciable ordering of the spins and an 
accompanying decrease of the entropy below R In2 at 
temperatures near 1°K. It is the purpose of this article 
to point out that these calculations disagree with the 
melting pressure data.‘° Further, an expression for the 
entropy of liquid He? will be presented which is con- 
sistent with both the vapor pressure® and the melting 
pressure measurements. 

In a paper published before the solidification of He’ 
was reported Pomeranchuk' predicted that in liquid 
He’ the effects connected with the exchange of two He’® 
atoms would lead to the antiparallel orientation of 
neighboring nuclear spins for 7<1°K, and that the 
nuclear spin entropy would then fall linearly with 
temperature. Since that part of the entropy not due to 
nuclear spins also falls, he estimated that the total 
entropy of the liquid would become less than R In2 
below ca 1°K. On the other hand, the exchange effects 
are not important in the solid, because the amplitude 
of the zero oscillations is considerably less than the 
distance between the atoms, and hence the nuclear 
spins are freely oriented down to temperatures so low 
(ca 10-7°K) that k7 is comparable with their magnetic 
interactions. Consequently, down to ca 10°7°K the 


1T. Pomeranchuk, J. Exptl. Theoret. Phys. (U.S.S.R.) 20, 919 
(1950). 

2E. M. Lifshitz, J. Exptl. Theoret. Phys. (U.S.S.R.) 21, 659 
(1951). 

3K. S. Singwi, Phys. Rev. 87, 540 (1952). 

‘Osborne, Abraham, and Weinstock, Phys. Rev. 82, 263 (1951). 

§ Weinstock, Abraham, and Osborne, Phys. Rev. 85, 158 (1952). 

6 Abraham, Osborne, and Weinstock, Phys. Rev. 80, 366 (1950). 


entropy of solid He* is equal to R In2 plus a negligible 
contribution from the vibrational modes of motion. If 
the Debye @ is approximately 30, as in solid Het, the 
latter contribution is only 0.02 cal deg~'! mole at 
1.5°K. In short, he predicted that the entropy of the 
liquid is less than that of the solid for temperatures 
less than about 1°K and greater than that of the solid 
for higher temperatures. He further pointed out it 
would follow from the Clapeyron equation, 


dp/dT = (Stiq—Seor)/(V tiq— Vnor), (1) 


and from the fact that the molal volume of the liquid 
is greater than that of the solid, that the melting 
pressure curve would have a minimum at ca 1°K and 
a negative slope from this temperature down to 1077°K. 

The measurements' of the melting pressure of He’ 
(the circles in Fig. 1) show, however, that Pomeran- 
chuk’s prediction regarding the liquid is incorrect. 
From 1.5°K down to 0.5°K the slope of the melting 
pressure curve is positive, and hence in this range the 
entropy of the liquid is greater than that of the solid. 
The measurements below 0.5°K, which approach a 
constant melting pressure of 29.3 atmos, are possibly 
in error due to poor thermal contact in the apparatus 
and are excluded from this discussion. It is entirely 
possible that at an experimentally realizable tempera- 
ture below 0.5°K the exchange effects will result in 
alignment of the spins in the liquid and a consequent 
decrease of the entropy below R In2. Since this would 
cause the melting pressure to rise with decreasing 
temperature, measurements of the melting pressure 
with improved thermal contact below 0.5°K are in 
progress to investigate this possibility. However, at 
present it can be concluded that there is no appreciable 
alignment of the nuclear spins in liquid He* down to 
O.5°K. 

Although it is now ciear from the melting pressure 
that the entropy of the liquid is greater than R I|n2 at 
0.5°K, Lifshitz? had shown that the vapor pressure 
data are consistent with Pomeranchuk’s prediction 
that the entropy of the liquid has already fallen to 
R |n2 at 1°K. This was done by computing the chemical 
potential of the liquid from the vapor pressure meas- 
urements in the range 1°K to 3°K. The chemical 
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Fic. 1. Comparison of the experimental melting pressure of 
He' (circles) with curves calculated from the vapor pressure data. 
Curve A, calculated from Eq. (13), corresponds to no nuclear 
alignment in the solid and the liquid. Curve B, calculated from 
Eq. (7), corresponds to nuclear alignment in the liquid but not 
in the solid 


potential of the liquid at its vapor pressure, sia, 
including the contribution RT In2 due to nuclear spin, 
is given by the familiar relation 
Miiq= Myas= RT Inp—2.5RT |InT— RT In2 

— RT |n(2arm)* "kh 34+ Bp—fBp/RT. (2) 
In his calculation Lifshitz omitted the terms in the 
second virial coetticient, B, which are due to the gas 
imperfection. He then fitted an expansion in powers of 
T° to piiq, a form suggested by the expression for the 
chemical potential of a degenerate Fermi-Dirac gas at 
low temperatures, and thus obtained 

Mig / R= 2.82—0.387°+0.017T". (3) 


The entropy of the liquid at its saturated vapor pressure 
can be calculated from the thermodynamic relation 

Stiq= — (du/dT) satt+Viiq(dp/dT) ant, (4) 
or, if the volume of the liquid is neglected, 


Shia R - 


0.767 —0.0687". (5) 


According to this expression the entropy of the liquid 
becomes R In2 at 1°K, as predicted by Pomeranchuk. 
Since the gas imperfection corrections are significant 
even at 1°K, the authors have repeated Lifshitz’ 
analysis of the vapor pressure data retaining the terms 
due to the gas imperfection, Bp—} B’p?/RT, in Eq. (2). 
This was done in order to determine whether or not the 
calculated liquid entropy would become R 1In2 at less 
than 0.5°K due to the influence of these terms. The 
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values of the second virial coefficient, B, were interpo- 
lated graphically from the theoretical calculations of 
de Boer, van Kranendonk, and Compaan.’ The range 
of the vapor pressure measurements was 1.02°K to 
3.35°K, but the computations were limited to the 
temperature range 1°K to 2.5°K, because the virial 
expansion becomes inadequate for the saturated vapor 
above 2.5°K. The following expressions, in which 
account was also taken of the volume of the liquid,’ 
were obtained for the chemical potential and entropy 
of the liquid: 


Miq/ R= —2.715—0.48977+-0.0133T" 


: 
LR f Viiqldp/dT)aadT, (6) 


and 
Siig/ R=0.978T — 0.0537". (7) 


According to Eq. (7), the entropy of the liquid falls to 
R In2 at 0.73°K, instead of 1°K, but this result too is 
inconsistent with the melting pressure data. 

It is also interesting to note that Singwi’ has calcu- 
lated the entropy of a degenerate Fermi-Dirac gas with 
a molecular weight of 3 and a density equal to that of 
liquid He* and has shown that these values agree fairly 
well with the entropy® of liquid He* derived from the 
vapor pressure measurements in the range 1°K to 
2.5°K. The entropy of a degenerate Fermi-Dirac gas 
at low temperatures is given by the expansion 


Ss z T “( T ) 
megay Aa Sane: 7 ae 
a ~) 20NT5 


T= 1?(3/ 1)? p?3/8m?R, (9) 


where 


When the mass of the He*® atom and the density of 
liquid He*® at low temperatures (0.0792 g/cm*)* are 
inserted in these expressions, it is found that 7% is 
4.85°K and 


S/R=1.02T—0.0437". (10) 


According to Eq. (10), the temperature at which the 
entropy of the liquid falls to RIn2 is 0.69°K. The 
agreement between the theoretical coefficients in Eq. 
(10) and the empirical coefficients in Eq. (7) is indeed 
striking, but the agreement must be considered to be 
fortuitous. As was shown above, any treatment which 
predicts an entropy of less than R In2 for the liquid at 
or above 0.5°K disagrees with the melting pressure 
data and the concept that there is no nuclear alignment 
in the solid above 0.01°K. 

During the course of this analysis the previously 
published values of the entropy® of liquid He* were 
re-evaluated. These values were derived from the vapor 

7de Boer, van Kranendonk, and Compaan, Physica 16, 545 


(1950). 
§ Grilly, Hammel, and Sydoriak, Phys. Rev. 75, 1103 (1949), 
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pressure equation, 


1og10Pmm= —0.97796/T+ ye logio7” 


+0.0003027?+ 1.91594, (11) 


which represents the experimental data very accurately 
over the entire range of the measurements, 1.02°K to 
3.35°K. However, a numerical error was found in the 
values of (Sreai—-Sideat) that were used to correct the 
entropy of the ideal gas for gas imperfection. The 
corrected values (including the nuclear spin entropy) 
are given in Table I. 

Equation (11) is unsatisfactory below 1°K because 
it gives an extrapolated entropy of 1.80 cal deg™' mole“! 
(including the nuclear spin entropy) at 0°K, rather 
than the value R1n2=1.38 cal deg“ mole! that is 
expected in the absence of nuclear alignment. A relation 
that fits the vapor pressure data from 1° to 2.5°K as 
well as Eq. (11) and that in addition gives S)\4=R In2 
at 0°K was obtained as follows. The chemical potential 
of the liquid, calculated from the vapor pressure data 
and Eq. (2), was fitted by an expression of the form 


Mig/R= —A—T In2—CT’— DT 


M 
+R> f Viiq(dp/dT)oadT. (12) 


0 


The empirical values found for the coefficients are 
A = 2.323, C=0.172, and D=0.0032. The entropy and 
the heat capacity derived from (12) are 


Siiq/R=1n2+0.344T7+0.013T*, (13) 


and 


C\ig/ R=0.3447+0.039T7*. (14) 


The entropies from Eq. (13) are in satisfactory agree- 
ment with those given in Table I, and in view of the 
melting pressure results Eqs. (12), (13), and (14) can 
be extrapolated with some degree of confidence down 
to at least 0.5°K. These equations will fail only when 
the temperature is so low (below 0.5°K) that nuclear 
alignment occurs in the liquid. The vapor pressure 
equation corresponding to Eq. (12) is not convenient 
for calculation, but fortunately it need not be used, 
because there is no significant difference between the 
pressures calculated from it and from Eq. (11) down 
to 0.5°K. 

The agreement between the melting pressure data 
and Eq. (13) can easily be shown by integrating the 
Clapeyron equation [Eq. (1)] after substituting Eq. 
(13) for S)iq and R In2 for S,.;. It is only necessary to 
make the reasonable assumption that (Vjiq— V01) is a 
constant over the range of the measurements. The 
value of (Viig—Vso1)=1.12 cm?/mole is then deter- 
mined from the observed slope, and the constant of 


AND 


ENTROPY OF LIQUID He? 


Taste I. Entropy of liquid He’. 
(eu=cal deg™ mole.) 








Sreal ~Sideal Sliq 
(eu) (eu) 


1125 —0.04 2.094-0.14 
2,500.17 


9.75 —0.15 
3.00+0.22 


9.00 — 0.33 
8.54 —0.56 3.66+0.29 


T AH yap/T 
(°K) (eu) 


1.0 9.12 
1.5 7.10 
2.0 5.67 
2.5 4.32 


Sideal gas 
(eu) 


integration is determined from the observed melting 
pressure at one temperature. The resultant equation, 


p=27.0+12.67°+0.2T* atmos, (15) 


is shown as curve A in Fig. 1, and it can be seen to agree 
very well with the experimental points from 1.5°K to 
0.5°K. The experimental data are also represented 
adequately by the simpler equation which was previ- 
ously reported : 


p= 26.8+13.17° atmos. (16) 


In contrast, the melting pressure calculated from 
Eq. (7) and the Clapeyron equation, with S,,;= R In2, 
is shown as curve B in Fig. 1. (Viig— Vor) was again 
assumed to be constant and was evaluated as 0.73 
cm*/mole from the slope at 1°K; the constant of 
integration was chosen to fit the observed pressure at 
the same temperature. The curves calculated from any 
of the equations that imply alignment of the nuclear 
spins in the liquid above 0.5°K [Eqs. (5), (7), or (10) } 
are similar to curve B, and all are in striking disagree- 
ment with the melting pressure measurements. It must 
be pointed out, however, that if there were nuclear 
alignment in solid He’ in the temperature range 1.5°K 
to 0.5°K the melting pressure calculated from any of 
these equations would agree with the experimental 
melting pressure data. 

For these computations the small difference between 
the entropies of the liquid at its saturated vapor 
pressure and at the melting pressure was neglected. 
Since (0Vji,/07), is probably positive for liquid He’, 
the entropy of the liquid is smaller under compression. 
However, the effect is merely to decrease the calculated 
value of (Vjiq—V soi) and to raise the temperature at 
which any minimum might occur in the calculated 
melting pressure curve; the conclusion that there is no 
appreciable nuclear alignment in liquid He* down to 
0.5°K is unaffected. 

The discussion in this article is based on the accepted 
view that down to at least 0.01°K there is no appreciable 
alignment of the nuclear spins in solid He*. It then 
follows from a consideration of the observed melting 
pressure curve, as shown above, that the nuclear spins 
in liquid He* are randomly oriented down to 0.5°K. 





PHYSICAL REVIEW 


VOLUME 89, 


NUMBER 4 


Electron-Positron Annihilation in Flight 
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The positron-electron annihilation cross section has been measured for 50-, 100-, and 200-Mev incident 
positron energies. Three small proportional count=rs in a magnetic field deterrained the incident electron 
or positron momentum, and a large scintillation counter immediately behind the absorber indicated the 
disappearance of a particle. The positron annihilation cross section was determined by subtracting the 
electron loss rate (due mainly to bremsstrahlung energy losses) from the positron loss rate. The cross sec- 
tions obtained at 50, 100, and 200 Mev were, respectively, 11.0+2.5, 6.341.2, and 3.7+0.6 millibarns per 
electron in a beryllium absorber, in good agreement with Dirac’s two-quantum annihilation cross section. 
The presence of annihilation radiation was detected in coincidence with the disappearance of a positron 


within a small cone in the forward direction. 


URING the course of searching nuclear plates for 

electron-electron scattering events with 200-Mev 
incident electrons, Barkas, Deutsch, Gilbert, and Violet! 
observed two events that corresponded to the dis- 
appearance in flight of a high energy electron. These 
two events appeared quite real with no plausible ex- 
planation. 

The following experiment was done to gain more 
information about electron and positron disappearances 
in general and if possible to explain the two disappear- 
ance events observed above.” 

At the outset it was well recognized that positrons 
should disappear in flight by annihilating with an elec- 
tron at rest, giving rise to two gamma-rays. This is a 
second-order process in electrodynamics, and the theore- 
tical cross section was known with some confidence.‘ It 
was therefore proposed at the beginning to try to observe 
the annihilation in flight of positrons by a balance type 
of experiment comparing the ‘disappearance’ cross 
section of positrons to that of electrons. 

A thin radiator (placed in the magnetic field of the 
pair spectrometer) in the path of the bremsstrahlung 
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Fic. 1. Experimental arrangement. 


! Barkas, Deutsch, Gilbert, and Violet, Phys. Rev. 86, 59 (1952). 

? Barkas, Deutsch, Gilbert, and Violet, Phys. Rev. 88, 1435 
(1952). 

‘After the initiation of this work, a further search of plates 
exposed at the same time but at lower energy was made which 
showed more disappearances of one sign of particles and none of 
the other. The conclusion drawn in the erratum (reference 2) is 
that the magnetic field was somehow reversed and that the dis- 
appearances observed were annihilations of positrons in flight. 

*P. A. M. Dirac, Proc. Cambridge Phil. Soc. 26, 361 (1930). 


beam of the synchrotron is an excellent symmetric 
source of high energy positrons and electrons. Revers- 
ing the direction of the magnetic field changes only the 
sign of the particles observed in a given direction. The 
number and direction of the particles relative to the 
background should stay the same. With this symmetric 
type source a comparison could be made of the ‘“‘poor 
geometry” absorption of positrons versus electrons. 

At this point it is necessary to consider the absorp- 
tion processes involved when a 200-Mev electron or 
positron passes through matter. The known processes 
are as follows: (1) ionization loss; (2) bremsstrahlung or 
radiation loss; (3) multiple scattering; (4) Single large 
angle scattering; and (5) annihilation in flight (posi- 
trons only). 

Inverse beta-decay is theoretically too small to be 
considered a competing process. The first four processes 
should be essentially the same for positrons and elec- 
trons.® Therefore if we are looking for a difference in 
the absorption between positrons and electrons, the 
loss due to these processes should be made small, i.e., 
the absorber should be thin compared to the range and 
of low Z. Processes 2, 3, and 4 are proportional to the 
square of the nuclear charge Z of the absorber, while 
the anihilation cross section is proportional to Z. For 
the experimental conditions of a low Z absorber (Z < 10), 
a solid angle of the absorber to the detector of 27, and 
50- to 200-Mev incident particles, processes 1, 3, and 
4 are small compared to 2 and 5. Bremsstrahlung gives 
rise to an apparent absorption in the following manner. 
The incident electron or positron radiates a large frac- 
tion of its energy in one event leaving the primary 
particle with a small energy, say less than 5 Mev. If 
this residual energy is less than what is required for the 
particle to get out of the absorber into the detector, 
then the event appears as an absorption. The absorber 
thickness then had to be chosen so that the probability 
of bremsstrahlung loss by this process was smaller than 
the annihilation cross section. It turned out that 2 


* Electron-electron and positron-electron scattering are dif- 
ferent, but at high energy both processes cause only a very small 
angular deviation of the incident particle and so are not observed 
as an absorption. 
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cm of Be gave a bremsstrahlung loss about } that of 
annihilation. Annihilation in flight would occur once in 
every 300 traversals of the absorber so that an ex- 
tremely small loss had to be detected. 

The apparatus used is schematically shown in Fig. 1. 
A, B, and C are three thin-walled proportional counters® 
in triple coincidence that defined the presence of a 
particle of a given momentum. Counter D is a stilbene 
scintillation crystal 4 cm in diameter by 4 cm 
thick with a cylindrical well in it 2 cm deep to hold the 
absorber. When there is no absorber in place, every time 
a triple coincidence occurs showing that a particle has 
passed through A, B, C, a fourth pulse should be ob- 
served from counter D. The loss of particles between 
counters C and D is the triple coincidence rate minus 
the quadruple coincidence rate. 

The sensitive volume of counters A, B, and C was 
roughly a sphere } inch in diameter. The alignment was 
performed both by maximizing the triples to singles 
ratio, and by accurately locating the counters on a 
circle, i.e., the orbit of a particle in the uniform mag- 
netic field. Both methods agreed. The ratio of triples 
to counter C singles rate was roughly 40 percent, show- 
ing that the electrons or positrons had small deviation 
from their calculated orbits. Counter D was required 
to be extremely efficient if it was to introduce no addi- 
tional loss factor. The efficiency of a scintillation counter 
is determined by both the bias setting of the pulse de- 
tector and by the number of photoelectrons ejected 
in the photo tube per incident particle. The counter 
used had to have a long light pipe to remove the photo 
tube from the effects of the magnetic field, but in spite 
of this gave approximately 150 photoelectrons per 
incident particle. With the electronic bias set at a pulse 
height corresponding 10 to 15 photoelectrons, the sta- 
tistical efficiency was better by many orders of magni- 
tude than what was needed. The effective pulse size 
from a small gamma-source was unchanged for +, 0, 
and — magnetic field showing that the phototube was 
sufficiently shielded. The coincidence circuits and gate 
generators for each counter were standard in design 
with the exception that the gate generator for counter 
D had to have zero dead time. In order to record the 
triples minus the quadrupole coincidence, it was. felt 
at the beginning that a more reliable result could be 
obtained by recording both the triple and quadruple 
coincidences separately and then subtracting rather 
than using an anticoincidence circuit. In order to record 
reliably the large numbers associated with the triples 
and quadruples rates, three or more scalers were used 
in parallel for each. 

The reduction, of the background loss rate was the 
major problem in the success of the experiment. This 
turned out to be principally a counting rate problem, 
not just a chance coincidence one, but also dependent 
upon such effects as overloading amplifier D with a re 


® These were Victoreen Geiger tubes cut down in length and 
refilled. 


ANNIHILATION IN 


FLIGHT 
TaB_e I. Experimental results. 
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Particle 


200 5.1 
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3.75+0.5 
none 1.4 


Be 0.77 


200 
200; 


Positrons 


Electrons 
0.1 +0.3 
200 none 0.65 


100 Mev Be 


Electrons 


Positrons 
+1.0 


100 Mev none 
100 Mev Be 


Positrons 
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+0.6 
100 Mev none 


50 Mev Be 


Electrons 


Positrons 
+2.0 

50 Mev none 

50 Mev Be 


Positrons 
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+1.0 
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2-cm LiH 


50 Mev 
200 Mev 


Electrons 


Positrons 
+0.4 


200 Mev 
200 Mev 


none 
2-cm LiH 


Positrons 


Electrons 
7 +0.3 


none 
2-cm Al 


200 Mev 
200 Mev 


Electrons 
Electrons 

+0.6 
200 Mev 
200 Mev 


Electrons none 


Electrons 3.7 g/cm? Ag 
3.0 +0.6 

Electrons 200 Mev none 0.7 
Experimental Theoretical positron 
cross section annihilation cross 
per electron section per electron 
of absorber of absorber in 

in millibarns millibarns 


3.7+0.6 3.53 
6.341.2 6.35 
11.0+2.5 10.8 

2.6+1.0 3.53 


Positron loss 
minus electron 
loss per 1000 
traversals 
3.65+0.6 
6.3 +1.2 
11.0 +2.5 
1.3 +0.5 


Energy Absorber 


200 Mev Be 
100 Mev Be 
50 Mev Be 

200 Mev LiH 


sulting change of bias and after pulsing of the small 
proportional counters. During normal running condi- 
tions a run of 3000 triples took 15 minutes with a back- 
ground loss rate of 1 to 3 counts. Both the triples rate 
and loss rate were essentially entirely due to particles 
from the radiator. When the radiator was removed the 
triples rate was reduced by a factor of 800 and the loss 
rate relative to the primary synchrotron beam was re- 
duced by approximately a factor of 4, so that back- 
ground from surrounding objects did not have to be 
considered. 
RESULTS 

Table I displays the results on disappearances. Many 
short runs of background and absorber were used to 
balance out the effects of changing background. Also 
the experiment was set up at three different times with 
at least a month’s interval in between, and with dif- 
ferent counters. The results were always consistent. 
The direction of the magnetic field was determined by 
the force on a current carrying wire, and for no run 
with a low Z absorber was the electron loss rate as 
large as the positron loss rate. 
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The Be absorber was used the most to get statistically 
meaningful cross sections for the positron annihilation 
in flight process. LiH was used to check the Z de- 
pendence of disappearances at 100 and 200 Mev, but 
counting times were much longer due to its low density. 
Aluminum and silver absorbers showed too much 
bremsstrahlung loss at 200 Mev to get meaningful 
answers for the positron annihilation cross section, but 
the total loss for electrons was less by a factor of 5 than 
the cross section that could be ascribed to the two dis- 
appearances in nuclear plates. Similarly the electron 
loss cross section in beryllium and LiH at 200 Mev was 
less by a factor of 40 than the two disappearances in 
nuclear plates. 

It was felt then that it had been reasonably estab- 
lished that electrons do not disappear in flight in low Z 
materials by a substantially large factor less than the 
two events observed in nuclear emulsion. Also, if the 
electron loss rate is subtracted from the positron loss 
rate, the remainder loss rate equals the theoretical 
annihilation cross section at 200, 100, and 50 Mev 
within statistical accuracy. There remained, however, 
the need for additional proof that the disappearances 
of positrons was associated with the annihilation in 
flight process. 


CONFIRMATION OF ANNIHILATION IN FLIGHT 


When a high energy positron annihilates with an 
electron at rest, two high energy gamma-rays are 
given off which are strongly correlated in the forward 
and backward direction in the center-of-mass system. 
In the laboratory system then, there is one gamma-ray 
with nearly all the energy directed forward and another 
low energy gamma at large angle. It was attempted 
then to observe the high energy gamma-ray going for- 
ward in coincidence with the disappearance of a posi- 
tron in the beryllium absorber. 

The disappearance or annihilation of the positrons in 
beryllium was observed essentially the same as before; 
namely, three counters A, B, and C in coincidence 
proved the presence of a high energy positron, while a 
fourth counter D monitored its passage through the 
absorber. However, instead of determining disappear- 
ances by the difference between two large coincidence 
rates (triples minus quadruples), an anticoincidence 
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circuit was used which finally worked as reliably as the 
subtraction method. The anticoincidence pulse was then 
used in coincidence with a fifth counter E. Counter E 
could be placed in two general positions: (1) the ex- 
trapolated positron trajectory in the magnetic field, 
and (2) the extrapolated gamma-ray trajectory (namely, 
the tangent to the pysitron trajectory at the point of 
the absorber). With counter E in position (1), an effi- 
ciency was determined for counting 200-Mev positrons 
to be (triples+counter E)/triples=70 percent. This 
efficiently dropped to less than one percent when counter 
E was moved to position (2), saying that position (2) 
was essentially outside the positron orbit. With counter 
E in position (2) in coincidence with the anticoincidence 
disappearance pulse, i.e., with counter E looking at the 
gamma-ray trajectory in coincidence with annihila- 
tions, the ratio (anticoincidence and counter E) 
anticoincidence was less than 5 percent. Counter E 
was a thin wall proportional counter, and should not 
detect high energy gamma-rays alone. However, when 
24 radiation lengths of lead (the maximum of the 
shower curve for 200-Mey gamma-rays) was put in 
front of counter E in position (2), the the ratio 
(anticoincidence and counter E)/anticoincidence in- 
creased to 50+8 percent. This says that with counter 
E made sensitive to gamma-rays we see a gamma-pulse 
in coincidence with the positron annihilation. The 
half-width of the positron curve for this ratio was ap- 
proximately the width of the counter, showing that 
the gamma-rays were directly forward. When electrons 
were used, these ratios were essentially the same, ex- 
cept that the disappearance rate for electrons was { that 
of positrons. The disappearance of electrons is due to 
high energy bremsstrahlung loss, which should give one 
high energy gamma going forward. These facts support 
the concept of positron annihilation in flight giving 
rise to at least one high energy gamma-ray. 
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It is generally conceded that the pressure difference dp which develops in a steady state, when two 
portions of helium II are kept at different temperatures and separated by a capillary, is given by dp/dT 
=(Q/TV, where Q is the heat absorbed as volume V leaves the capillary at absolute temperature 7. London 
gives Q=TS where S is the entropy, for the case where no heat is absorbed along the capillary (c=0), 
while Gorter gives Q= T'x;(0S/0x;) where x, is the mole fraction of normal helium in the helium IT. Gorter’s 
equation coincides with London’s, which is reasonably well confirmed experimentally, only if S, the partial 
molal entropy of superfluid is zero. In this paper an analysis of the situation, including a careful discussion 
of the meaning of Q, is attempted, and it is shown that for c=0 London’s equation follows from the equation 
for dp/dT and the conservation of energy. The equations which are developed are quite general, and can 
be applied directly to other cases, for example, the Knudsen effect in gases. They still do not permit an 
answer to the question concerning S, for helium, however, and for this purpose an analysis of the processes 
occurring within the capillary is required. It is found that if the thermodynamic properties of the fluid in 
the capillary are not changed from those of bulk liquid, then Gorter’s equation is correct. There seems, 
however, to be no reason to suppose that they may not be changed, so it is concluded that no direct infor 
mation regarding S, can be obtained from experiments on the thermomechanical effect. This last statement 
is considered in connection with some speculations concerning the state of liquid helium in a capillary and 
in a Rollin film. 


1. GENERAL FORMULATION OF THE PROBLEM component (in the phase-rule sense) when two portions 
of the system are separated by a capillary or membrane 
of any sort, if heat is evolved or absorbed when the 
liquid enters the capillary or membrane. We shall, in 
fact, later illustrate this point by considering the 
application to the Knudsen effect in a gas. 

Though there is general agreement as to the validity 
of Eq. (1) there are also certain difficulties and points 
of disagreement. One of these has to do with the very 
general matter of the exact meaning of the quantity Q 
and its relation to the so-called heat of transfer. Another 
has to do specifically with the evaluation of Q in the 
case of liquid helium. It is closely connected with the 
first question, but can be formulated rather precisely 
in terms of the two-fluid theory of helium II. In this 
theory it is supposed that helium II is a mixture of 
normal fluid and superfluid and that only the superfluid 
is capable of passing through a very fine capillary. 
London claims to show, on the basis of the assumption 
that no heat is absorbed by the superfluid as it passes 


F two portions of liquid helium kept in vessels in 

thermal contact with reservoirs at slightly different 
temperatures are connected by a very narrow tube or 
slit, a pressure difference develops between them, which 
gives rise to the well-known fountain effect. Funda- 
mentally the phenomenon is of much the same nature 
as thermal electromotive force. It is related to the fact 
that when helium enters the capillary a certain amount 
of heat is given to the reservoir, or, when helium leaves 
the capillary a corresponding amount of heat is ab- 
sorbed. The quantitative relationships involved were 
first investigated by London,' following Kelvin’s treat- 
ment of the thermocouple, which has since been called 
the method of ‘‘pseudo-thermodynamics.” More re- 
cently they have been discussed by de Groot, Jansen, 
and Mazur,’ using the “thermodynamics of irreversible 
processes” which is based on Onsager’s reciprocal 
relations. It is agreed that 


dp/dT=0/TV, (1) 


where Q is the heat given to the reservoir when a 
volume V of liquid at absolute temperature 7° enters 
the capillary. dp is the pressure difference resulting in 
a steady state when the temperature difference between 
the two reservoirs has the value d7, both dp and dT 
being very small. 

The validity of Eq. (1) is not confined to the case of 
liquid helium. It should hold for any system of one 


* Work assisted by the Smith Research Fund of the University 
of North Carolina and the Office of Naval Research. 

1H. London, Proc. Roy. Soc. (London) A171, 484 (1939). 

2 de Groot, Jansen, and Mazur, Physica 16, 691 (1950); S. R. 
de Groot, Thermodynamics of Irreversible Processes (North Holland 
Publishing Company, Amsterdam, 1951), Chap. VI. 


along the capillary, that 

Q=TS, (2) 
where S is the entropy of the fluid passing into or out 
of the capillary. On the other hand, Gorter® claims to 
have proved that 


= Tx\(0S OX) 7, (3) 


where x, is the mole fraction of normal fluid in the 
mixture. This equation is concurred in by de Groot. 
The difference between Eqs. (3) and (2) is perhaps 
best brought out by noting that (dS/dx,;)r=Si—Sz2, 
where 5S; and 8, are the partial molal entropies, the 


°C. J. Gorter, Physica.15, 523 (1949). 
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subscript 1 being used always for normal fluid and 
subscript 2 for superfluid (where there is no subscript, 
reference will be to the mixture) ; here we consider Q, V, 
and S to be associated with one mole. Thus we have, 
from Eq. (3), 


ie Tx (S, Be). (3a) 


On the other hand, S=x,S,+xS., so Eq. (2) is equiva- 


lent to 


O- T(a He + xo). (2a) 


If S. is zero it is seen that Eqs. (3a) and (2a) become 
identical. 

Now it is commonly assumed that the intrinsic 
entropy of superfluid is zero, or at least negligible. If 
S:=0, however, this means not only that the intrinsic 
entropy is zero, but also the entropy of mixing with 
the normal fluid. This is, indeed, the assumption that 
has been made by Tisza‘ and Gorter. On the other 
hand, in recent work® I assumed that the entropy of 
mixing is not zero, and hence S.0. The question now 
arises as to whether experimental confirmation of Eq. 
(2), or of Eq. (1) with Eq. (2) inserted (and this has 
been demonstrated at least approximately®), is sufficient 
evidence for deciding that S, must equal zero. This 
can be determined only by a careful examination of the 
basis of these equations. In order to effect such an 
examination we shall turn first to a detailed considera- 
tion of the meaning of the quantity Q in Eq. (1). Then 
we shall discuss the evaluation of Q by a method 
similar to that of London,’ but using Eq. (1) instead 
of the second law of thermodynamics, and _ finally 
turning to a detailed consideration of the processes 
taking place in the capillary. 


2. DEFINITION OF Q AND THE HEAT OF TRANSFER 


( has been defined as the heat given to the reservoir 
when a volume V of liquid, at a particular temperature 
T and pressure p, enters the capillary or membrane, 











Distance along capillary 


Temperature distribution in an insulated capillary before 
and after motion of fluid through the capillary. 


‘LL. Tisza, Phys. Rev. 72, 838 (1947). 

*Q. K. Rice, Phys. Rev. 76, 1701 (1949); 78, 182 (1950). 

* Pp. L. Kapitza, J. Phys. U.S.S.R. 5, 59 (1941); L. Meyer and 
J. H. Mellink, Physica 13, 197 (1947); Kramers, Wasscher, and 
Gorter, Physica 18, 329 (see especially p. 337) (1952). 

7 See W. H. Keesom, Helium (Elsevier Publishing Company, 
Amsterdam, 1942), p. 358 ff 


Q being, of course, a function of T and p and propor- 
tional to V. It may be readily shown that this is the 
negative of the quantity Q*, which is called the heat of 
transfer by Denbigh* and by de Groot in their con- 
sideration of irreversible processes. According to de 
Groot,’ Q* is the amount of heat which is transferred 
from a vessel in reservoir I, let us say, to one in reservoir 
II by a unit quantity of matter (which may just as 
well be taken as the amount having the volume V at 
temperature 7 and pressure p) when there is a steady 
state of the second order between the two reservoirs. 
A steady state of the second order is one in which the 
difference of temperature between the reservoirs, which 
we have called d7, is zero. Under these circumstances 
dp is also necessarily zero for a one-component system."’ 
This being the case, the only things that happen when 
a volume V of material moves from the vessel in 
reservoir I to that in reservoir II are that (1) a certain 
amount of work pV is done on the system in reservoir I 
and the same amount is done by the other system ; and 
(2) an amount of heat Q is given to reservoir I from 
the vessel within it, and is taken from reservoir II. 
Therefore, the transfer of the volume V from I to II 
results in the transfer of Q units of heat from reservoir 
II to reservoir 1; hence O*= —Q. 

In de Groot’s treatment (* was originally introduced 
through its relation to a quantity U’* which is called 
the energy of transfer. U’* can be defined in terms of 
the phenomenological coefficients of the Onsager theory, 
but has been shown by de Groot to be equal to the 
energy accompanying unit mass (having volume V) 
from system and reservoir I to system and reservoir II, 
when they are in a steady state of the second order." 
The energy which enters system and reservoir II is the 
intrinsic energy E of the material which enters it, plus 
the work done on the piston, namely pV, plus the heat 
Q* supplied to the thermostat. The same amount of 
energy leaves system and reservoir I. ‘Thus, 


U*=E+ pV+0%, 
O*=U*—H, 


where // is the enthalpy of an amount of fluid having 
volume V. 


SK. G. Denbigh, T’ermodynamics of the Steady State (Methuen 
and Company, Ltd., London, 1951), Chap. IT. 

®S. R. de Groot, reference 2, page 88. 

© Helium II is treated by de Groot as a two-component system 
in which the two components are in instantaneous equilibrium 
with each other; this is a one-component system in the phase rule 
sense. On page 83 of his book (see reference 2) he shows that in 
such a two-component system in a steady state of the second 
order the composition in both vessels is constant in time and that 
the net rate of total chemical production is zero. Thus, if material 
flows from one vessel to the other the compositions must be the 
same; otherwise there would be net chemical production. Since 
the temperatures are the same, the pressures on the two vessels 
must be the same. 

1! This is true even if they are not in a steady state, so long as 
they are at the same temperature, but in deriving the connection 
between U* and Q* a steady state of the second order must be 
considered, since (* is defined for such a state. 
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The quantity Q* is handled in a somewhat different 
way by Denbigh, though it is again introduced through 
its relation to U* (called Q by Denbigh). He considers 
a dividing surface between system and reservoir I, and 
system and reservoir IT. Practically all of system I and 
all of reservoir I are at temperature T and pressure #, 
while practically all of system II and all of reservoir IT 
are at T+dT and p+dp. Since the transfer that occurs 
is essentially from constant pressure p to constant 
pressure p+dp, we see that the net absorption of heat 
from the two reservoirs is essentially equal to dH, 
where d// is the change of enthalpy of material having 
volume V on going across the boundary line from I to 
II. Thus, if Q; is the heat given to reservoir I and Qi 
that absorbed from reservoir IT, 


OQu—Q:1=dH. 


If dH is sufficiently small, however, Qir=Q1= —Q*, so 
that Denbigh’s. interpretation of Q* is quite equivalent 
to de Groot’s. The utility of Denbigh’s formulation is 
that he can separate the heats absorbed or evolved into 
three parts, a part Q; absorbed from one reservoir, an 
equal part given to the other, and a part dH absorbed 
from one reservoir or another, the exact source of the 
heat dH making no difference since the amount is so 
small. This procedure leads to a neat deduction of the 
fundamental Eq. (1). 

It should not, however, be allowed to obscure the 
fact that Q or Q* is a quantity which depends on the 
temperature. It is the quantity which is characteristic 
of the flow of material from bulk into a capillary or 
membrane at a given temperature (and pressure). If 
we have systems I and II at different temperatures, 
connected by a capillary with a uniform temperature 
gradient, such as shown in Fig. 1(a), and allow a flow 
of material to take place in such a way that no heat is 
transferred to or from the capillary, then after a small 
amount of flow has taken place, the temperature 
gradient in the capillary will be disturbed and will look 
something like that shown in Fig. 1(b). It will now be 
necessary for heat to flow into the capillary to restore 
the original gradient. This heat must come from one or 
both of the reservoirs, and will be added to or subtracted 
from Q; or Qi: or both. This is of no importance to Q; 
or Qi; as long as the temperature difference between I 
and II is small, but if it is larger it adds an entirely 
extraneous quantity of heat to Q; and Qu, i.e., one 
which is not characteristic of the passage of fluid at 
constant temperature from bulk to capillary or vice 
versa. It is, therefore, more apropos, if one wishes to 
consider the variation of Q with temperature, to con- 
sider a set-up in which heat can be added or removed 
along the capillary, assuming the capillary to be in 
contact at each point with a thermostat which has a 
fixed temperature, intermediate to the temperatures of 
the reservoirs I and II. This, it is to be emphasized, 
can have no effect on the validity of Eq. (1). It is 
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Fic. 2. A quasi-equilibrium line. 


merely a device for finding how Q varies with the 
temperature. 


3. THE INTERPRETATION OF EQ. (1) AND 
THE EVALUATION OF Q 


It is to be noted that Eq. (1) relates a quantity Q, 
which—as should now be clear and has been stressed 
by de Groot—has to do with a process which occurs at 
constant temperature, to a differential quotient dp/dT, 
in which the total differentiation indicates a change 
between two states of the fluid which can exist in a 
steady state with each other when connected by a 
capillary or membrane. We will describe two such 
states as being in quasi equilibrium. Presumably if 
state A and state B can exist in quasi equilibrium, and 
the same is true for states B and C, then A and C can 
also exist in quasi equilibrium. Q and V being functions 
of p and 7, Eq. (1) is the equation for a family of 
curves in the p vs T diagram, which may be called 
quasi equilibrium lines. We shall discuss some particular 
quasi equilibrium line, as indicated in Fig. 2, and we 
shall use the notation indicated. In particular, we shall 
find it convenient to consider the quasi equilibrium 
between two states (p, 7) and (p’, 7’) as indicated on 
the figure. 

Suppose one mole of fluid were pushed through a 
capillary from a system at temperature 7” and pressure 
p’ to another at 7 and p. Let Q’ be the heat given out 
when volume V’ of the liquid enters the capillary at 
T’, p’ and Q the heat absorbed when it emerges at 7, p, 
and let cdT be the heat absorbed from reservoirs along 
the capillary (as suggested at the end of Sec. 2) when 
the portion of liquid changes in temperature by an 
amount dT on passing along the capillary (c is the 
“Thomson coefficient’). Then the total change of 
energy of the fluid will be? 

T 
QO—Q’+ | cdT+p'V'—pV, (4) 


T’ 


the pV terms being the respective work terms on or by 
pistons connected with the vessels at the ends of the 
capillary. Suppose now the liquid at 7’ were merely 
heated up to JT and compressed to p, along the quasi- 
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equilibrium line. Let Co be the specific heat under such 
circumstances. Then the change of energy would be? 


T dk r T dV 
f - ar-f car— f p—dT. (5) 
yr aT ra y aT 


By equating (4) and (5), we obtain 


T T 


dp 
O-O'+ f (c—C,)dT— | V—dT=0. (6) 
T’ T’ dT 


Differentiating Eq. (6) with respect to the upper limit 
T gives 


dQ/dT + (c—Co)— Vdp/dT=0. (7) 
Now, inserting Eq. (1) in Eq. (7), 
dQ/dT+-(c—Co)—Q/T=0. (8) 


Integrating this equation divided by 7, we see that 


.@) :@) TCy-c 
: -( ) 7 f val (9) 
r Nf ee Me «6 


If we assume that 0/T7=0 at T=0°K, which seems to 
be experimentally confirmed for helium II, and if c=0, 
it then appears that 


Q tC 
‘ f dT=S. 
five 7 


We thus see clearly the assumptions on which Eq. (2) 
is based. The most important of these is that c=0, and 
if ¢ is greater than zero, dp/dV will be less than given 
by Eqs. (1) and (2), which, as remarked, seem to be 
reasonably well confirmed by experiment. It is still not 
certain whether these assumptions also require S,=0 
until we consider the processes in the capillary in 
somewhat more detail. Before doing this, however, we 
shall apply the equations of this section, which are 
actually quite general, to a discussion of the Knudsen 
effect in a gas. 


(10) 


4. DISCUSSION OF THE KNUDSEN EFFECT 


The Knudsen effect occurs when two portions of gas 
are separated by a very fine capillary or a porous plate 
with openings so small that collisions between the gas 
molecules in the capillary or the pores are infrequent 
compared with the collisions of the gas molecules with 
the walls.” If under these circumstances the two por- 
tions are kept at different temperatures, a steady state 
is set up such that the pressures on the two sides are 
different. This steady state can be treated by Eq. (1). 
We shall consider the case of perfect gases which do not 
interact specilically with the walls of the capillary or 


2 See K. F. Herzfeld and H. M. Smallwood in H. S. Taylor and 
S. Glasstone, Treatise on Physical Chemistry (D. Van Nostrand 
Company, Inc., New York, 1951), third edition, Vol. 2, pp. 134 
135. 
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pores sufficiently to affect their average energy, but 
which can, of course, exchange energy with these walls. 

The average energy of the molecules of a gas which 
hit a wall, or an opening in a wall, exceeds the average 
energy of all the molecules by }RT per mole. This 
amount of heat is absorbed from the thermostat.” 
However, simulianeously the piston operating on the 
gas does an amount of work equal to pV=RT, and 
this work appears as heat. The net heat flowing into 
the reservoir is thus }R7, which is equal to Q. It is 
shown by de Groot and by Denbigh that using this 
value of Q in Eq. (1) leads to the correct relationship, 
p/p’ =(T/T’). 

Since all the equations of Sec. 3, except Eq. (10) are 
quite general it should be possible, if one can evaluate 
c, to use them as an alternative method of finding Q. 
From footnote 13 it is clear that we must have 


c=C,+3R, 


where C, is the specific heat at constant volume. It is 
not necessary to add any term to take care of expansion 
of the gas in the capillary, since any change of pressure 
is effected by motion of individual molecules which 
exchange energy only with the walls. On the other 
hand, Co in this case will be given by 


Co=C,+ pdV /dT 
C,4+-d(pV)/dT—Vdp/dT 
=Cy+R—Vdp/dT. 


Inserting these values of c and Co into Eq. (7), we see 
that dO/dT=}R, so if Q=0 when T=0, we find 
QO=4RT, as before. This shows that Sec. 3 is quite 
consistent with the usual treatment of the Knudsen 
effect. It is, however, not expeditious to attempt to 
apply Eq. (9) in this case. For, by Eq. (1), it is readily 
seen that Vdp/dT=}R, which makes Cp equal to c. 
Only at very low temperatures, where quantum effects 
are important, will this equality break down, and so 
only at these low temperatures will there be any 
contribution to the integral of Eq. (9). 


5. THE THERMOMECHANICAL EFFECT IN HELIUM II 


We now attempt to give a more detailed discussion 
of the thermomechanical effect in helium II. This 
discussion has to be based upon some hypotheses of a 
speculative nature, for only by a detailed consideration 
of the properties of helium II and its behavior in a 
capillary can further light be thrown on the thermo- 
mechanical effect. While the conclusions which we can 
draw are thus tentative, they may throw some light on 

13 One may ask why this heat is not immediately given back to 
the thermostat, as the gas exchanges energy with the walls of the 
capillary in immediate contact with the thermostat, and pre- 
sumably regains its normal distribution of velocities. However, 
the gas which passes any point in the capillary must possess an 
excess of energy of 4X7, just as that which passes into the capil- 
lary; so any nel flow through the capillary carries with it the 
extra energy which is only given out again when it leaves the 
capillary. 
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the possibilities involved. We will make no a@ priori 
assumptions as to whether the energy or the entropy 
of mixing is zero," but leave ourselves free to discuss 
the various possibilities mentioned in Sec. 1. 

We start with the two-fluid theory and the usual 
assumption that only superfluid can move in a capillary. 
We add to this the more questionable assumption that 
the superfluid in the capillary behaves as an approxi- 
mately continuous medium any part of which exerts a 
pressure on the contiguous parts, and that molecular 
flow of the type responsible for the Knudsen effect does 
not occur. We designate the effective pressure of the 
superfluid as po, and assume that its effective molal 
volume can be set equal to V2. (the additional subscript 
c is used to designate quantities in the capillary). 

Let us now consider the transport of superfluid along 
the capillary. There is good evidence that superfluid is 
mixed with normal fluid, and the equilibrium conditions 
in the capillary are not very different from those in the 
bulk liquid.'® The capillary is, however, able to maintain 
pressure differences and prevents any motion of the 
normal fluid. If a portion of superfluid of volume V2, 
goes along the capillary from pressure pz. to pressure 
poctdp2-, an amount of work equal to d(po- V».) is 
done by it upon the surrounding portions of the fluid."® 
This work is furnished by (1) a decrease in the velocify 
of the fluid, (2) from a change in the intrinsic energy to 
the system, (3) by forces exerted by its surroundings 
(e.g., forces of interaction with the normal fluid) upon 
the portion of superfluid, or (4) as heat absorbed. The 
role of the capillary is to allow a steady state to be set 
up in which all fluid velocities are zero, and inasmuch 
as we wish to consider only situations which are slightly 
removed from a steady state, the contribution (1) to 
the work may be ignored. Contributions (2) and (3) 

or, rather, the negative of these contributions— 
may be combined as dE»., the change in the partial 
molal energy, for this is equal to the energy change 
when the portion of superfluid is transferred from the 
one portion of the capillary to the other. The heat cdT 
absorbed when the portion of fluid moves along the 
capillary through a temperature difference dT will be 
given by 


cdT = d(B2,+ pocV2.)=dlo., (11) 


which is equivalent to de Groot’s equation for the heat 
of transfer in a continuous system with bulk flow. We 
have set Bo, + Pre V 2 =/7,., the enthalpy of superfluid 
in the capillary. It is usual to define the partial molal 
enthalpy of component n of a solution as E,.+pV,, 


‘4 They cannot both be zero. See O. K. Rice, Phys. Rev. 79, 
1024 (1950). 

15 See, e.g., H. P. R. Frederikse, Physica 15, 860 (1949). 

16 Suppose a portion of fluid of volume V2 is moved a distance 
Ax along a capillary of cross section a with a pressure gradient 
of dp/dx. The difference in pressure at the two ends of the capillary 
is (V2/a)dp/dx, and the work done by the portion of fluid on the 
surrounding portions is a(V2/a)(dp/dx)Ax=V.Ap if V2 remains 
constant. If V2 changes there is an added term pAV2, so the 
total work done in first approximation is A(pV2). 
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where ? is the total pressure. In this case of the capil- 
lary, however, the total pressure is not susceptible of 
exact definition, and if the chemical potential is defined 
as poe=Ho.—TS2.= Sa} PreV2e— TS:,, the work done 
on introducing « certain quantity of superfluid into the 
capillary has the proper relation to the chemical 
potential. 

Combining Eq. (11) with Eq. (6), we find 


4 7 dp T dil, 
0-0'= f CuT+ f v—dT- f wnt 
rT’ vr aT yr aT 


If Q is zero when T=0°K, 


T T dp T dA. 
o-f curt f V ar—f Af i 
0 ) dT 0 aT 


Since for the bulk liquid di//dT=dE/dT+ pdV /dT 
+ Vdp/dT=Cy+ Vdp/dT, we see that Eq. (13) becomes 


O=H—Hy—He+B oc, 0, (14) 


where the subscript zero denotes values at 7=0°K and 
p= po. If it is permissible to assume that /», is the 
same as the corresponding quantity in bulk liquid (ie., 
the same function of temperature and of pressure), and 
if, further, the pressure in the capillary connecting the 
reservoirs at T=O°K and T=T changes uniformly 
from po to p, the corresponding pressures on the 
quasi-equilibrium line,!? then M»s..9= Ho and Eq. (14) 
becomes 


(15) 


If the bulk liquid is in internal equilibrium, the 
chemical potentials of the two fluids must be equal or 


V= H-A, xi(f1,- IT.). 


MW+TS,=.+TS:, (16) 
which combined with Eq. (15) gives just Eq. (3a), a 
form of de Groot’s equation. This is of interest because 
it shows exactly the assumptions upon which de Groot’s 
equation is based. If these assumptions are correct, 
then it is true that an experimental proof of London’s 
equation would demand that S.= 0, which is equivalent 
to saying that ¢ could not be equal to zero unless 8, 
were equal to zero. 

However, it is by no means certain that the assump- 
tions which give Eq. (15) are correct.'* In particular it 
is not at all certain that the thermodynamic properties 
are the same in the capillary as in the bulk liquid. It is, 
indeed, possible to make a quite general statement; 


2 The conclusion concerning the pressure follows if the thermo- 
dynamic properties of liquid in the capillary are the same as in 
bulk liquid, since we expect thermodynamic equilibrium at the 
ends of the capillary between superfluid in the bulk liquid and 


the superfluid in the capillary. 

18 These assumptions, as well as various aspects of both de 
Groot’s and London’s treatments, have also been questioned by 
J. E. Verschaffelt, Bull. Acad. Roy. Belg. 37, 1120 (1951), who 
also deals with what happens in the capillary, but apparently has 
not considered all the possibilities that we discuss below. 
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namely, we can write 


Td5..=cdT, (17) 


which merely states that the change of entropy as the 
superfluid moves along the tube is equa] to the heat 
absorbed by it. There is, of course, no net increase of 
entropy indicated by this equation, for the increase of 
entropy of the helium II is balanced by the decrease 
in entropy of the reservoirs. This is in accord with the 
general principle discussed by Prigogine and de Groot 
that the rate of production of entropy is a minimum 
when there is a steady state. Thus, a small change in 
the system such as could produce a very slow flow of 
material down the capillary, would produce no appreci- 
able change (i.e., a change of higher order) in the rate 
of production of entropy, which occurs through the 
steady flow of heat along the capillary due to conduc- 
tion, and which is not, as we see, augmented by the 
entropy considered in Eq. (17). 

Though Eq. (17) indicates that for ¢ to be zero is 
a sufficient condition’ for S82, to be zero, we cannot, 
even admitting this, conclude that 5, for bulk liquid 
would have to be zero. Indeed, it seems not unreason- 
able to suppose that the capillary produces a greater 
state of order in the helium II, removing the entropy 
of mixing. London’s original hypothesis was that only 
pure superfluid (with no entropy) could exist in the 
capillary. It now seems unlikely that this is the case; 
however, if the effect of the capillary is to remove any 
entropy of mixing as well as to allow only superfluid to 
move in the capillary, much the same effect is produced. 

We may expect in any case that the superfluid in the 
bulk liquid will be in thermodynamic equilibrium with 
the superfluid in the capillary at its end. We note that 
if S..=0, the chemical potential ye, of superfluid is the 
same along the capillary. For dy2.=dH».—TdS», 
—8§,.dT, and the first two terms of the expression cancel 
according to Eqs. (11) and (17), respectively. In order 
to have thermodynamic equilibrium at the ends of the 
capillary 2, must be equal to the Gibbs free energy G 
of the bulk liquid. We thus conclude that if S..=0, 
the condition that two portions of the bulk liquid 
should be in quasi equilibrium is that G should be the 
same for them, and the equation for a quasi-equilibrium 
line becomes under these conditions, as has been noted 
by Tisza,‘ 

dG= (dG/dp)rdp+ (0G/AT) dT 


= Vdp—SdT=0. (18) 


This, of course yields London’s equation [Eq. (1) with 
Eq. (2) inserted ]. 

As noted by Tisza, if d6=0 along a quasi-equilibrium 
line, there is an analogy between the thermomechanical 
effect and an osmotic pressure. It is important to 
remember that this analogy is dependent on the 


assumption that S).=0. 


19 Tt is not a necessary condition, and this will be discussed later. 
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It is of interest to note that it is necessary for 52, to 
be equal to zero in order for London’s equation to hold. 
It is not sufficient for S.. to be constant, although this 
is enough to cause ¢ to be equal to zero. The more 
stringent condition S:,=0 is equivalent to the extra 
condition 0/T=0 at 0°K. used in Sec. 3. If S..=0, then 
when we approach 0°K where S, must approach zero, 
we must have Q/T7 approach 0; otherwise, the transfer 
to material from bulk liquid to capillary would be 
accompanied by a change of entropy of the thermostat 
which was not matched by a change in entropy of the 
helium, as it must be if the liquid at the end of the 
capillary is in equilibrium with bulk liquid. 

The deduction of London’s equation just given 
throws further light on the conditions under which 
London’s equation can hold, and we can also learn 
something about the conditions under which Gorter’s 
equation and London’s equation can be true simultane- 
ously. Thus, if S, and S,, are both zero, the results 
obtained are quite in accord with Eq. (14). If S:. is 
zero, then by Eq. (11) the integrand of the last integral 
in Eq. (13) is zero, and Eq. (14) becomes O= H— Hp. 
Since G remains constant along a quasi equilibrium 
line, we must in the case of S.=0 also have M2 constant 
along such a line, the change in the enthalpy of mixing 
being balanced by the change of enthalpy due to 
pressure. Thus Ho=/7, and the above equation reduces 
to Eq. (15). Furthermore, if 8, and S82, are both zero, 
then to have thermodynamic equilibrium between 
superfluid in the bulk liquid and at the end of the 
capillary we must have M2,=/2 as assumed following 
Eq. (14). 

On the other hand, it is perfectly clear that while an 
experimental proof of London’s equation does show 
that S», is zero, it is not necessary to conclude from 
such a proof that S, is zero also. If S. is not zero then 
the establishment of thermodynamic equilibrium be- 
tween the superfluid in the bulk liquid and the liquid 
near the end of the capillary requires that there be a 
change in enthalpy of the superfluid at the end of the 
capillary. This, in itself, is not surprising; several 
questions may, however, be raised in this connection. 
The behavior of the liquid in a capillary is probably 
quite similar to the behavior of a Rollin film. It is, then, 
necessary to consider the way in which superfluid may 
be transferred along a Rollin film, and this clearly 
requires more knowledge than we now possess about 
the nature of the Rollin film. Some speculations may, 
however, be in order. From the experiments of Freder- 
ickse on the specific heat of thin absorbed films of 
helium we know something about the behavior of these 


films. In the first place we may say that for very thin 


films, a few molecules thick, the A-transition is spread 
out over a greater than normal range of temperatures, 
so some superfluid must still be present even above the 
normal A-point. This superfluid is not in a condition 

perhaps not in a sufficiently connected state—so that 
it can actually show the properties of supertluidity. 
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Now the Rollin film is of the order of 100 molecular 
layers thick, and it forms over available surfaces quite 
suddenly as the temperature is lowered past the \-point. 
In the outer edges of the Rollin film the liquid must be 
in nearly the same state as bulk liquid. This does not 
say, however, that the superfluid cannot be in a some- 
what different condition near the wall, and for a greater 
distance than the natural thickness of the film above 
the A-point ; in fact, the peculiar ability of the superfluid 
to stabilize so thick a film would imply that this must 
be the case. If it is true that 5,0, and still London’s 
equation holds, then it must follow on the basis of the 
above picture, that the partial molal entropy of the 
superfluid near the wall must be zero (and its enthalpy 
must have the proper value for it to exist in equilibrium) 
and the superflow must take place in these layers. One 
might question the hypothesis, and feel that it is easier 
to believe from the experimental check of London’s 
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as well as for layers near the wall of the tube. However, 
the thermomechanical effect alone cannot prove this, and 
the discussion of the effect of He*® on the A-point does 
offer some, at least circumstantial evidence, that S, 
may not be zero.” 

In conclusion we should call attention once more to 
the tentative character of the very mechanistic ap- 
proach used in this section. Gorter’s equation appears 
to rest necessarily on some such mechanistic approach 
with, in addition, some such special assumptions as we 
have indicated. London’s equation, on the other hand, 
can be based upon a much more general type of deduc- 
tion and related directly to a quantity like ¢ which can 
be, at least in principle, experimentally determined. 

Without committing them to any of the views 
expressed in this paper, I wish to thank Professor S. R. 
de Groot and Dr. K. G. Denbigh for stimulating 
discussions. 


equation simply that S, is equal to zero for bulk liquids 1 ™ J. C. Morrow, Phys. Rev. $4, 502 (1951). 


PHYSICAL REVIEW VOLUME 


89, 


NUMBER 4 FEBRUARY 15, 1953 


Field Emission: Large Current Densities, Space Charge, and the Vacuum Arc*:+ 


W. P. DyKE AND J. K. TROLAN 
Physics Department, Linfield College, McMinnville, Oregon 
(Received October 16, 1952) 


Field emission was obtained from a single crystal tungsten emitter under conditions of very high vacuum 
and clean surfaces. The geometry of the emitter was determined by electron microscopy permitting accurate 
calculation of both the surface electric field and an average current density. The use of pulse electronic 
techniques extended the observations to the upper limit of the current densities for which the normal field 
emission was stable. Above this limit an explosive vacuum arc occurred between electrodes. 

From these experiments the following conclusions were drawn. (1) The wave mechanical, image force 
corrected theory quantitatively predicted the observed average current density up to that density for which 
space charge dominated the emission. (2) Space charge was effective at a current density of the order of 107 
amperes/cm?, where a marked deviation occurred from the usual current-voltage relationship. Space charge 
effects permitted the simultaneous operation of multiple emitting areas of differing geometries. (3) Ata still 
higher critical current density in the range 107 to 108 amperes/cm?, a field emission initiated vacuum arc 
occurred between electrodes resulting in a change of emitter geometry. Current density was the dominant 


criterion for the initiation of the vacuum arc. 


HE field emission of electrons from a cold metallic 
cathode occurs in the presence of a large surface 
electric field. Observations on the effect were published 
by Lilienfeld' in 1922 following the initial report of 
Wood; later, Millikan and Lauritsen’ introduced the 


* This work was supported by the Research Corporation, the 
U. S. Office of Naval Research and Linfield College; additional 
support during the later part of the work was received from the 
Microwave Laboratory of the University of California. 

t Preliminary reports on this work were given at several meet- 
ings of the Division of Electron Physics of the American Physical 
Society: Phys. Rev. 82, 575 (1951) ; 85, 391 (1952); 85, 752 (1952). 
As partial fulfillment for the Ph.D. degree, preliminary data to 
part of this work was submitted to the Physics Department, 
Oregon State College by the second author. 

1 J. E. Lilienfeld, Physik. Z. 23, 506 (1922). 

2 R. W. Wood, Phys. Rev. 5, 1 (1897). 

*R. A. Millikan and C. C. Lauritsen, Proc. Natl. Acad. Sci. 
U. S. 14, 1 (1928). 


following empirical relationship describing the phe- 
nomena: 

I=C exp(—B/V), (1) 
where J and V are current and voltage, respectively, and 
C and B are constants. 

Classical theory‘ fails completely to provide a field 
emission mechanism. According to wave mechanics, 
which has been applied with increasing success, the 
copious conduction electrons penetrate the potential 
barrier at the metallic surface when the barrier is 
thinned by the applied field. Comparisons between 
experiment and the original theory of Fowler and 
Nordheim,°® which assumed a simple triangular poten- 

4W. Schottky, Z. Physik 14, 80 (1923). 

°R. H. Fowler and L. W. Nordheim, Proc. Roy. Soc. (London) 
A119, 173 (1928). 
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Fic. 1. Experimental field emission tube. 


tial barrier, have been well summarized by Jenkins.* 
When the theory® is modified to include the effect of 
the electron image force,’ there results the relationship® 


Pp? -6.85X 107p3/(y) 
exp eS (2) 
¢ | . 


1.55 10"* 


where J is the current density in amperes/cm’, F is the 
electric field in volts/cm, @ is the work function in 
electron volts, and f(y) is an elliptic function of the 
variable 


y=3.78X10-'F 4/9. 


Values of f(y) are available in tabular’ or graphic? form. 

Early comparisons between experiment and theory 
were limited by the inability to resolve field emitter 
geometries by use of optical microscopy. Haefer'® 
improved the resolution of the emitter geometry by 
use of electron microscopy and verified Eq. (2) within 
a rather large experimental error, which was due to the 
use of an approximate electric field calculation" and the 
inability to view the emission pattern” and hence to 
judge the surface cleanliness while the current-voltage 
relationship was observed. Current densities up to 10° 
amperes/cm’ were recorded for the steady state emission 
to which observations were limited. 

Since the theory (2) predicts current densities in 
excess of 10'° amperes ‘cm’, which is considerably greater 
than those reported previously” by direct current 


*R. O. Jenkins, Reports on Progress in Physics (The Physical 


Society, London, 1943), Vol. IX, p. 177. 
7L. W. Nordheim, Proc. Roy. Soc. (London) A121, 626 (1928). 
8A. Sommerfeld and H. Bethe, Handbuch der Physik (J. 
Springer, Berlin, 1933), Vol. NXIV, No. 2, p. 441. 
9F. R. Abbott and J. E. Henderson, Phys. Rev. 56, 113 (1939). 
1 R. H. Haefer, Z. Physik 116, 604 (1940). 
" Dyke, Trolan, and Dolan (to be published). 
2K. W. Mueller, Z. Physik 106, 541 (1937). 
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methods, it is of interest to extend the comparison 
between experiment and theory by the use of suitable 
pulse electronic techniques with which improved 
cathode stability would be expected, since positive ion 
bombardment, resistive heating, surface contamination, 
migration, etc., are thus minimized. 

The predicted field current densities are sufficiently 
large to stimulate interest in the practical application 
of field emission and to support its proposed contribu- 
tion to voltage breakdown in vacuum. It was therefore 
desirable that the experimental observations include the 
upper limit of current densities for which the normal 
field emission was stable at microsecond pulse lengths 
and those densities above which voltage breakdown 
occurred between electrodes. 


EXPERIMENTAL METHOD 


The experimental tube envelope (Fig. 1), which was 
Pyrex, enclosed a needle shaped tungsten field emission 
cathode (C) which faced the anode (A) a sheet of 5-mil 
molybdenum, with an anode-cathode spacing d=0.5 cm. 
Electrons from the filament F were used to heat the 
anode by bombardment during the outgassing pro- 
cedure. 

A thin aluminum coating was evaporated onto the 
interior of the glass envelope of the experimental tube 
and connected electrically to the inseal B. It was held 
at anode potential in order to prevent the glass envelope 
from charging electrically. It has been found impossible 
to obtain reliable, reproducible data when uncoated 
envelopes of the same type were used. 

The present anode structure was chosen to inhibit 
cathode contamination and voltage breakdown due to 
anode effects when large field currents were emitted. 
The anode was outgassed, cleaned, and smoothed at 
high temperature to minimize the bombardment of the 
cathode by anode material, ions, or clusters. The 
cathode surface was known to be clean and smooth 
(prior to breakdown) judged from electron micrographs, 
electrical behavior, and from the operation of numerous 
similar cathodes in preliminary experiments in which 
the emission pattern was viewed on metal backed 
phosphor anode screens. Suitable techniques for emitter 
fabrication, conditioning, and high vacuum were thus 
chosen ;!' however, metal backed phosphor anodes, which 
were not readily outgassed, contributed excessive 
cathode contamination when the emitted direct current 
was large, and were thus not suited to the present 
experiments. 

The field emission cathode was _ electrolytically 
etched from a blank of commercial 5-mil tungsten wire 
(Callite 200H) mounted at the apex of a hairpin 
filament which was used to outgas and smooth the 
emitter." 

The experimental tube was evacuated with a type 
GHG-10-02 D.P.I. mercury diffusion pump and liquid 
air traps. The high vacuum side of the system was 
baked at 500°C, after which all metal parts (except the 
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coating B) were outgassed simultaneously at a tem- 
perature above which evaporation was appreciable, 
After a minimum of four such cycles, the experimental 
tube, a Bayard-Alpert ionization gauge,'’ and a separate 
Pyrex envelope housing a tantalum getter filament were 
sealed off as a unit at a pressure of 10°* mm of Hg or 
better as indicated by the gauge. Subsequently, a layer 
of tantalum was evaporated onto the wall of the getter 
tube, after which all metal parts of the experimental 
tube were again heated. Residual gas was thus trans- 
ferred to the active tantalum layer, and after several 
such cycles the pressure of chemically active gases was 
reduced to 10°" mm of Hg or better, judged by the 
contamination rate of the field emission cathode." 
The final vacuum was thus sufficiently good to insure 
that the electrode surfaces remained free from con- 
tamination by residual gases for a time that was long 
compared with that needed for the experiment, 1.e., 
several hours. 

Under these conditions it was possible to draw stable 
direct currents up to 8 milliamperes at 20 kv, corre- 
sponding to a cathode current density of the order to 
10° amperes/cm? as will be shown later. Although the 
cathode would probably emit larger stable direct 
currents, the 8-milliampere current limitation was 
imposed to avoid excessive anode temperature which 
accelerates the contamination process. At this level the 
contamination of the cathode surface was evidenced by 
a decrease in direct current over a period of seconds, the 
cathode returning to its initial condition following a 
flash at 2200°C for a few seconds in the absence of field. 
The contaminant was probably oxygen” liberated at 
the anode, whose temperature exceeded 1000°C at the 
current and voltage levels indicated above. Pulsed 
currents considerably larger than those achieved with 
direct current techniques were drawn without evidence 
of cathode contamination. 

Figure 2 describes the experimental system. Poten- 
tials in the range 0-20 kv were furnished by a rectified 
800-cycle power supply whose input was regulated 
mechanically by the inertia of a motor-generator set. 
During direct current operation, potentials were read 
by a Weston Model 622 milliammeter in series with a 
20-megohm Weston Type 2 resistor. Currents were 
indicated by a current sensitive Leeds & Northrup 
Type R galvanometer. 

During pulsed operation, a positive potential which 
approximated a square wave of either } or 2 micro- 
second duration and whose amplitude was variable 
from 2 to 35 kv was furnished by a pulse generator 
which included a conventional 4 section, 6.7 ohm line 
(for 2 usec operation) or a 50-ohm coaxial cable (for 
} usec operation) either of whose outputs (8 kv or less) 
was switched by a triggered spark gap directly to the 

48 R. T. Bayard and D. Alpert, Rev. Sci. Instr. 21, 6, 571 (1950). 

4 J. A. Becker, Report Eleventh Annual Conference on Physical] 
Electronics, Massachusetts Institute of Technology, 1951 (un- 
published). 
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experimental tube or to the primary of a pulse trans- 
former (T807, AN/APS-3). Its output potential, which 
was applied directly to the anode of the experimental 
tube, was divided by a conventional calibrated capacity 
divider!® whose output was connected to the detlection 
places of a Tektronix Type 511 oscilloscope (CRT)). 
A Fairchild Type A, 35 mm f/2.3 automatic camera (C)) 
recorded the current which was drawn by the experi- 
mental tube. For this purpose, a noninductive carbon 
resistance was inserted between the cathode and ground 
and was connected at the cathode end directly to the 
deflection plates of CRT:. A Tektronix 517 oscilloscope 
was used to record the current in the latter part of the 
work. 

Pulsed data were taken on a single-shot basis. A key 
activated the trigger generator, Fig. 2, whose voltage 
impulse caused the system to cycle once and then 
return to the quiescent state. It simultaneously trig- 
gered the pulse generator and the sweeps of both oscillo- 
scopes and opened the shutters of the cameras (C,) and 
(Cy) and advanced their films. Filament temperatures 
were measured with a Leeds & Northrup optical 
pyrometer. 

A Sorenson voltage regulator stabilized the primary 
supply for both oscilloscopes. 
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Fic. 2. Experimental electronic circuit used for both pulse and 
direct current measurements. C—camera; CRT—oscilloscope; 
G—galvanometer; CD—capacity divider. 


8G. N. Glasoe and J. V. Le Bacqz, Pulse Generators (McGraw- 
Hill Book Company, Inc., New York, 1948), Radiation Laboratory 
Series. 
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Fic. 3. Field current-voltage characteristic for combined pulse 
and direct current operation of emitter X-89, Curve AB repre- 
sents the characteristic for the hypothetical case of a constant 
emitting area equal to that at A. Curve CE was predicted by the 
theory (2) and curve CD from J« V3, both assuming a uniform 
distribution of current density and a constant emitting area. 
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Fic. 4. Field current-voltage characteristic for combined pulse and 
direct current operation of emitter X-81. 
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EXPERIMENTAL RESULTS 


The current-voltage relationships for emitters X-89, 
X-81, N-10, and Q-7 for combined direct current and 
pulsed operations are shown in Figs. 3, 4, 5, and 6, 
respectively. 

Figure 3 illustrates the typical! experimental pro- 
cedure. Direct current readings were taken, then re- 
peated (not shown). Pulsed currents of 1 wsec duration 
were then drawn, immediately following which the data 
were reproduced in the sense of decreasing currents, the 
reproducibility precluding the possibility of significant 
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Fic. 5. Field current-voltage characteristic for combined pulse and 
direct current operation of emitter N-10. 


cathode contamination or geometric alteration during 
the experiments. 

The current-voltage relationships in Figs. 3, 4, 5, and 
6 have several characteristics in common. 


1. Each graph is linear for a considerable range of currents (A 
to C) below a critical current 7¢, in which range the empirical 
equation (1) was confirmed. 

2. At currents greater than /, the current-voltage relationships 
depart from linearity in the direction of lower current for a given 
voltage, the departure presumably being due to space charge, 
since cathode contamination or geometric alteration are precluded 
by the reproducibility of the data. 

3. At voltages slightly higher than the maximum value shown 
on each graph the normal field emission was abruptly terminated 
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Fic. 6. Field current-voltage characteristic for combined pulse and 
direct current operation of emitter Q-7. 


by a low impedance vacuum arc (except for emitter X-89). While 
the pulsed field emission was stable at current densities a factor 
of two or more lower than the arc level, the emitter tip was usually 
damaged (melted) during the arc. 


The emission from X-89 was discontinued at a current 
level slightly below that for which an arc was expected, 
and the emitter was removed from the experimental 
tube in order to obtain the electron micrographs of two 
profiles of the emitter shown in Fig. 7. 

Electron micrographs of two profiles of emitter N-10 
are shown in Fig. 8A, prior to insertion into the experi- 


__ 


2 
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Fic. 7. Electron micro- O° Profile 
graphs of two profiles of 

emitter X-89 following its 

experimental use as a field 

emitter. 
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Fic. 8. A. Electron micrographs of two profiles of emitter X-89 
prior to its insertion into the experimental tube; B. a composite 
of several electron micrographs showing one profile of emitter 
N-10 after a vacuum arc. 


mental tube (the radius of this emitter was later in- 
creased slightly by surface migration at high tem- 
perature during the final outgassing procedure, judged 
from its subsequent electrical behavior). After arc 
damage this emitter appeared as in Fig. 8B, which is a 
composite of several electron micrographs. Figure 9 
shows a typical profile of emitter Q-7 after arc damage. 
RESULTS 

The analysis of the present experimental data (I) 
over most of its range further supports the validity of 
the wave mechanical, field emission theory involving 
the electron image force and extends its comparison 
with experiment to higher current densities than those 
previously reported, (II) presents evidence for the 
presence of space charge limited field emission, and 
(III) suggests mechanisms which may have initiated 
the voltage breakdown leading to the vacuum arc. This 
analysis follows. 


I. Comparison between Experiment and Theory 


A current density J, an average for the emitting 
‘ ° 
area A, was derived from the present data and_com- 


Fic. 9. A composite of 
several electron micro 
graphs showing one pro- 
file of emitter Q-7 after 
vacuum arc. 
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Fic. 10. The dependence of electric field F upon polar angle @ 
for emitter X-89 calculated with use of an equipotential surface 
which was closely fitted to the emitter profile judged from its 
electron micrographs (0=0°, F =F at the apex). 


pared with the current density J predicted by the 
theory (2) when the electric field fy at the emitter apex 
and the value ¢= 4.5 ev were used. When A was known, 


values of J were readily calculated from 


J =I/A, (3) 


where J was the experimental current. 

For emitter X-89, the emitting area was estimated 
from the measured emitter radius and the calculated 
dependence of cu.vent density on polar angle 6, meas- 
ured from the emitter apex. For this emitter, whose 
geometry was determined from electron micrographs 
(Fig. 7) the ratio F/I’) as a function of 6 calculated by 
a previous method" is shown in Fig. 10. This, with the 
theory (2) and @=4.5 ev, predicted the ratio J//Jo as a 
function of @ shown in Fig. 11. Curve C resulted from 
Fy=7 X10" volts/cm, curve A from Fy>=3X107 volts/ 
cm, these two values of /’) corresponding to the points 
C and A on the graph of Fig. 3, i.e., to the extremities 
of its linear portion, as will be shown. 

Eighty-five percent of the total current was emitted 
by the area bounded by @=53° for the curve C and 
6=40° for curve A (Fig. 11). An extension of these 
boundaries to larger values of @ would result in an 
unreasonable increase in area without significant current 
increase. With the emission boundary thus arbitrarily 
defined, and with the emitter radius r= 2.3107> cm, 
averaged from the two micrographs of Fig. 7, the areas 
corresponding to C and A are Ac=1.2X10~ cm’, 
A4=7.6X10~" cm’. These, with Eq. (3) and currents 
at C and A from Fig. 3, yielded current densities 
Jc=6xX 108 amperes/cm’, and J,=6 amperes/cm’. 
This part of the data was readily compared with the 
theory (2), as follows. 

The electric field Fo at the emitter apex was calculated 
from 

Fo= BoV, (4) 


where V was the measured value of the applied 
potential. 
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The geometric factor Bo, calculated for emitter X-89 
using Eq. (3) of reference 11 with a=0.33X10~° cm, 
ro= 1.8 10~ cm, and n= 0.07, was 


By= (9.91.5) 10? em. (5) 


The significant experimental errors in 8» occurred in the 
calibration of the electron microscope (10 percent) and 
the determination of emitter geometry averaged from 
the electron micrographs of its several profiles (5 per- 
cent). 

Equation (5) includes a 7 percent correction to 
account for the effect of the supporting filament struc- 
ture.!® No significant correction was required for the 
effect on 8» introduced by the difference between the 
experimental anode (lig. 1) and the theoretical anode 
used for the calculation of 8» [reference 11, Eq. (2) ] 
since the effect was necessarily small compared to the 
10 percent change in 8) noticed when the aluminum 
coating on the inner surface of the envelope of the 
experimental tube (Fig. 1) was changed from anode 
potential to emitter potential. This value of 89 agrees 
within the experimental error with the value 8,, which 
the theory (2) required in order to predict the observed 
experimental current-voltage curve. Use of Eqs. (2) 
and (3) with the assumptions of a uniform work function 
¢ and a constant emitting area A over which the electric 
field had the constant value F,, gave 


d(InJ) / d(InI) 
d(108/F)/ d(10*/V) 


To evaluate 8,, in the present case the theory (2) was 


Bn= 104. (6) 
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Fic. 11. The dependence of current density J upon polar angle 
6 (measured from the emitter apex) calculated for emitter X-89 
from the field emission theory (2) and the data in Figure 10, 
assuming a constant work function @=4.5 ev. Curve A for 
Fo=3X10' volts/em; curve C for Fo=7X10" volts/cm corre 
sponding to the points A and C of Fig. 3. 


16 Emission was obtained from a long, needle-shaped field 
emitter in another experimental tube, with and without the effect 
of a typical filament structure which was slid along the needle 
in the final vacuum with the aid of an external magnet. The 
filament was moved from its normal position (2 mm from the 
emitter tip), to another position far removed from the tip. The 
corresponding change in 89 was calculated from the change in 
applied potential required to establish a common current. 
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TABLE I. Data for several emitters. 


D 


Emitter Je 
number Bo cm™ Bm cm=! amp/cm? 


6X 10° 
7X 10° 
9x 108 
1X10? 


12.8 10° 
14.6X 10° 
4.0X 108 
19.5 108 


X-89 9.9 108 
X-81 

N-10 

Q7 


graphed in Fig. 12 with ¢=4.5 ev; the current-voltage 
relationship A B (Fig. 3) for emitter X-89 was calculated 
for the required hypothetical case of a constant emitting 
area with the aid of the data from Fig. 11. According 
to (6), the ratio of the slopes of these two graphs yield 

Bm= (12.8+1.9X 10? cm™"). (7) 

The error in 8, due to the ignored variation of F 
with 6 (Fig. 10) was less than 5 percent; that introduced 
by the neglect of the known distribution of work fune- 
tion with crystallographic direction’? was less than 7 
percent. With other minor errors such as those inherent 
in the current and voltage measurement, 8,, was known 
within +15 percent. While 8» and 8,, for emitter X-89 
agree within the combined experimental error, addi- 
tional data from four other emitters indicated that 
Bm> Bo by approximately the same percentage in each 
case. 

Careful inspection of the electron micrographs of 
emitter X-89 revealed that the radius of curvature of 
the surface near the tip varied slightly with crystal- 
lographic direction; apparently the simple crystallo- 
graphic faces (probably 110) were planes of small but 
significant area. The surface at other crystallographic 
directions had smaller than average radii of curvature 
and hence larger values of 8 than apparent from (5) 
and Fig. 10; these surfaces were probably those for 
which @<¢@ according to Nichols;'? hence most of the 
current originated at these surfaces. These effects 
account at least in part for the observed difference 
between 8,, and 9, the former being probably more 
correct than the latter. 

This conclusion was strengthened when the experi- 
mental current densities J¢ and J 4, previously calcu- 
lated for emitter X-89, were graphed in Fig. 12 at 
electric field values calculated from the corresponding 
voltages Ve and V4 from Fig. 3, using 8, from (6). 
Thus, the theory (2) and experiment agree in the range 
of current densities 6<.J <6 10° amps/cm? within the 
present experimental error. 

Haefer' used the hyperboloidal approximation to 
evaluate 8) in experiments whose agreement with 
theory appears to be subject to a larger experimental 
error than that claimed. No mention was made of the 
uncertainty in 8» resulting from the use of the hyper- 
boloidal geometry with emitters whose shapes approxi- 


17M. H. Nichols, Phys. Rev. 57, 297 (1940). 


amp /em? 


iD F G iH 
Emitter 

cone angle Jx 

in degrees amp/cm? 


Emitter 
JA radius 


13 2x 10’ 
10 3x 10° 
32 2x 108 
6.5 6x 10° 


mated a cone with a hemispherical cap. A hyperboloid 
tangent to the emitter at the apex can intersect the 
emitter at only one other polar angle; either the apex 
of the hyperboloid has a smaller radius than the emitter, 
or it diverges from the emitter along the shank. {bo is 
increased by the former and decreased by the latter, 
being sensitive to both.!! With Haefer’s formula for Bp, 
the two surfaces are coincident at @=0° and @= 10°, and 
fortunately the two opposing errors in > are com- 
rable for this fit. 

Haefer’s formula yields By=8.0K10*% cm! for 
emitter X-89, a value lower than the present value (5) 
by 19 percent. This error, if assigned to Haefer’s values 
of Bo, may be compensated for by the previously 
ignored effect of the filament structure on 89, which 
effect is not less than 25 percent judged from the re- 
ported filament structure in his work and the present 
experiments. Further error in Haefer’s work may have 
resulted from surface contamination, since the published 
emission pattern [his Fig. 12(a)] is not that now 
generally accepted for clean tungsten'’'® as was 
claimed. 

Current densities J¢ and J 4 for emitters X-81, N-10, 
and Q-7 are shown in Table I, columns D and E. When 


Field Emission Theory trom Equation (2) 
with @-45e~ 


Experimento! Date trom 
Emitter *-69 
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Fic. 12. A graph showing the dependence of current density 
upon electric field. The solid line resulted from the field emission 
theory (2) with @=4.5 ev; the experimental data at A and C 
represent the average current densities Ja and Je with corre- 
sponding values of F from fF =8,,V, for emitter X-89. The theory 
is terminated at the dashed line GG when the surface potential 
barrier is reduced to the top Fermi electron energy level. 


‘6 EE. W. Mueller, Z. Physik 120, 270 (1943), 
‘9 J. A. Becker, Bell System Tech. J. 30, 907 (1951). 
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the radii of these emitters were obtained from a com- 
parison between the data in Figs. 4, 5, and 6 with the 
theory (2), current densities were calculated by the 
method used with emitter X-89. The data from Fig. 11 
were assumed applicable to all emitters. This method 
was used since the required emitter radii were not 
available from micrographs after use due to arc damage 
(Figs. 8 and 9); micrographs taken before the emitter 
was inserted into the experimental tube accurately 
identified emitter cone angles (Table I, column G) and 
provided an estimate of emitter radii within a factor of 
2 (surface migration caused subsequent changes in 
radii during the outgassing procedure). Current den- 
sities J for these three emitters are known within a 
factor of 3, 

The following conclusions were drawn from the fore- 
going discussion and an inspection of Table I and Figs. 
3,4, 5, 6, and 12: 1. The empirical equation (1) is valid 
in the range J4<J<Je for each emitter. 2. Experi- 
mental values of J for emitter X-89 agree with those 
predicted by the theory (2) in the range 6<J<6X 10° 
amps/cm?, within the experimental error. 3. By anl Bn 
agree within the experimental error; 8» is sensitive to 
both emitter radius and cone angle. 4. It is significant 
that the lowest average current density J¢ for which 
space charge effects were observed was of nearly the 
same value for each emitter; these values of J¢ were in 


the range 6X 10°<J/¢<1X 10" amperes/cm’, 
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Fic. 13. The surface distribution of current density J for 
emitter X-89, The abscissas were chosen so that the area under 
each curve is proportional to the corresponding total current. 
Curve 1, which is a replot of curve C, Fig. 11, corresponds to the 
point C, Fig. 3 just prior to the onset of space charge efiects 
(J=Jce at the emitter apex, the average current density being Jc). 
Curve 2 corresponds to the largest current shown in Fig. 3, the 
yortion PM resulting from use of Eq. (8) for the space charge 
fimited region, and the portion LM resulting from the use of Eq. 
(2) for areas in which space charge was absent. 
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II. Space Charge 


It will be shown that space charge necessarily influ- 
enced the emission when the current density exceeded 
a critical value Jc, the effect being confined mainly to 
the area from which the charge originated provided that 
J was not considerably greater than Jc. Because the 
largest value of J was found at the emitter apex where 
the electric field was greatest (Fig. 11) space charge first 
influenced the emission from a small area at the apex, 
the effect spreading to neighboring areas (at larger 6) 
as the applied voltage was increased sufficiently to 
increase J to Jc in those regions. 

At an area where the emission was space charge 
limited, i.e., J>Jc, further increases in current density 
followed approximately” 


J« Vi, (8) 


while at areas for which J<Jce, the emission increased 
according to (2). The total observed current increase 
above /¢ (Fig. 3), therefore, fell between the values 
predicted by (8) (curve CD) and by (2) (curve CE). 
For both of these limiting curves, a constant emitting 
area and a uniform current density distribution were 
assumed; hence, neither of them represents the true 
experimental situation. 

In order to show first that space charge influenced the 
emission when J>Jc, the space charge g, within a 
distance sr from a unit emitting area of radius of 
curvature r was approximated as follows: 

The average space charge density p, within the 
distance s was 

p.=J/i esu/cm', (9) 
where 


d= 4[ 9+ (2e/m)*(F os)! ] cm/sec. 
The initial velocity v» (if any) was negligible. Now, 


Je=S* py=2I5\(m/2e)'F 3 (10) 


for a unit emitting area. A 1 percent change in 6 [see 
Eq. (4) ] which was detectable experimentally, would 
be expected from space charge effects when 


(11) 


where o was the induced surface charge per unit area. 
Combining (9), (10), and (11) with o= Fo/4z2, Fyo= 2.3 
10° esu/cm and J=3X10!® esu/cm?, the latter two 
being typical of the experimental data when V=V¢, 
one obtains 

(12) 


The charge g, within this distance s from the emitter 
surface was sufficient to cause a measurable change in 
the electric field in the proper direction and of sufficient 
magnitude to account for the departure from linearity 
observed at the points C of the current-voltage rela- 
tionships of Figs. 3, 4, 5, and 6. Since s was approxi- 


ge=0.01c, 


s=2X10-* cm. 


20 Stern, Gossling, and Fowler, Proc. Roy. Soc. (London) A124, 
699 (1929). 





FIELD EMISSION 


mately one-tenth of an emitter radius, the charge 4q, 
evidently affected mainly the emission from its area of 
origin. 

Thus, space charge affected only the emission from a 
small area at the apex ef emitter X-89 where J=Jce, 
when V=V¢, and the corresponding current-density 
distribution was that shown in Fig. 11, curve C. These 
data from curve C were replotted in Fig. 13, curve 1, 
using values of the variable A/2xr’?= (1—cos @) as ab- 
scissae (the emitting area being hemispherical), in order 
that the area under the curve be proportional to the 
total emission current. During the subsequent voltage 
increase Ve to Vg (Fig. 3), current densities were 
assumed to increase in accordance with (8) at areas for 
which J>Jce, and in accordance with (2) at areas for 
which J<Jce. The former required the portion PM of 
curve 2, (Fig. 13) and the latter gave the portion LM. 
This interpretation attributes most of the current 
increase above /¢ to an increase in the effective emitting 
area rather than to a large increase in current density 
at the emitter apex. 

Areas under curves 1 and 2, Fig. 13, are proportional 
to the respective total currents, their ratio being 2.4. 
The corresponding ratio of the maximum experimental 
current Imax to J¢ (from Fig. 3) was 3.3. Thus, the 
present assumptions lead to approximately the observed 
increase of the total current above /, for emitter X-89; 
improved agreement should result when the distribution 
of ¢ with crystallographic direction” is recognized. Such 
experiments are in progress. 

As a result of the effects of space charge, the total 
emission current from a cathode was increased by the 
effective operation of emitting areas in parallel at 
approximately a common current density, although the 
individual areas had widely different values of current 
density at lower voltage in the absence of space charge, 
due to differences in both 8» and ¢. This technique was 
experimentally demonstrated to be valid for multiple 
emitters. 


III. The Field Emission Initiated Vacuum Arc 


The foregoing data described the normal behavior of 
field emitters whose emission was stable and repro- 
ducible over a large range of currents extending into 
the space charge region. It is of particular interest to 
investigate the phenomena which occurred when 
attempts were made to extend the emission to still 
higher currents. When this was done an explosive 
breakdown occurred between electrodes even under the 
best initial conditions of vacuum and surface cleanli- 
ness, the breakdown phenomena being commonly de- 
scribed as the “vacuum arc.” In much of the earlier 
work with voltage breakdown, the values of the sig- 
nificant variables such as current density, electric field, 
work function (surface contamination) were uncertain. 
In the present work these variables were known ac- 
curately prior to breakdown. 


Current Voltage 


Fic. 14. Current and voltage oscillographs from emitter Q-7 
during its transition from the normal field emission (at A) 
to the vacuum arc (at £) corresponding to a total voltage change 
of 5 percent. Both current and voltage plateaus are of approxi- 
mately one microsecond duration. The current oscilloscope sensi- 
tivity at & was less by a factor of 2.5 than that at A, B, C, and D. 


Breakdown occurred between electrodes when the 
current density, averaged over the cross-sectional area 
of the emitter cone at its junction with the emitter 
hemisphere, exceeded a critical value J,; to a good 
approximation 


J2= (Imax/1r’) amperes/cm’, (7) 


where Jn,x was the largest value of the normal, stable 
field current prior to breakdown shown in the curves of 
Figs. 4, 5, and 6, and r was the average radius of the 
emitter hemisphere (Table I, column F). The values of 
J, from the several emitters (column H) are in suf- 
ficient agreement to suggest that current density was 
the most important variable in the present voltage 
breakdown; no correlation with voltage was apparent 
from an inspection of column K. 

The current and voltage oscilloscope traces from 
emitter Q-7 taken during the transition between the 
normal, stable field emission, Fig. 14A, and the ter- 
minating vacuum arc, Fig. 14E, are instructive. The 
current trace A, for which /=2.2X10-? ampere, was 
typical of all smaller currents. It exhibits a constant 
current plateau of approximately 1 microsecond dura- 
tion (the anomalies at the leading and trailing edges of 
the current pulse were characteristic of the cathode 
circuit and are not related to the emission current). A 
4 percent increase in voltage which would normally 
result in a 25 percent current increase caused the 
change A to D, marked by a “tilted” current trace 
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indicating an increase of current with time during a 
single pulse (with constant voltage), the degree of tilt 
increasing with current level. The series A-D was re- 
versible and reproducible, the emitter apparently suf- 
fering little change in the process as indicated by the 
similarity between the first and second pulse runs (ig. 
6) made, respectively, before and after several cycles 
A-D-A (Fig. 14). A one percent increase in voltage 
yielded the nonreversible change D-E, voltage break- 
down occurring near the expected peak of the current 
pulse. The time of formation of the ensuing vacuum arc 
was less than 5107 sec, judged from an inspection 
of the current trace E (total current during the arc 
was greater than that indicated by the current trace E, 
due to saturation of the oscilloscope amplifier, Tek- 
tronix Type 517). Emitter Q-7 appeared as in Fig. 9, 
after arc, its radius increased by a factor of approxi- 
mately 150 by a process in which it was melted. 

The foregoing data suggest that voltage breakdown 
resulted from increased emitter temperature due to a 
current density dependent mechanism accompanying 
the emission process. Possible mechanisms which might 
have produced the required heating are resistive heating 
and the Nottingham mechanism.2! The former is 
favored by the sensitive dependence of the breakdown 
process to current increase indicated in Fig. 14. A 
solution for the adiabatic case applied to the present 
emitters showed that resistive heating would yield an 
excessive emitter temperature rise in a microsecond 
when J>107 amperes/cm?. The increase in emitter 
temperature predicted by the two mechanisms when 
heat conduction is considered will be presented in a 
forthcoming paper together with additional experi- 
mental evidence. 

The foregoing interpretation is reasonable if the 
thermal component of the emitted current was com- 
parable in magnitude to the normal field current (ac- 
counting for the tilted current pulse, Fig. 14D), a result 
that is expected according to Le Page and Du Bridge,” 


2" W. B. Nottingham, Phys. Rev. 59, 907 (1941). 
2 W.R. Le Page and L. A. Du Bridge, Phys. Rev. 58, 61 (1940). 


AND 
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when the surface potential barrier is not large compared 
with k7 (the barrier in the present case was about 1 ev 
above the top Fermi level’ when /y=8X 107 v/cm. The 
work of Guth and Mullin*® concerning electron emission 
at intermediate electric fields and temperatures adds 
further support. The required temperature dependent 
current increase probably originated in part at least at 
areas whose normal field emission was not space-charge 
saturated, 

During the formation of the vacuum arc (Fig. 14E) 
the current increased by approximately two orders of 
magnitude in 5X 107° second, the normal field emission 
prior to the are being space-charge limited in part. The 
observed current increase required either that J was 
considerably greater than J ¢ in which case space charge 
was necessarily neutralized, or that the effective emitting 
area was correspondingly increased, or both. The 
positive ions required by the former may have been 
supplied by the heated emitter whose surface material 
was evaporated as ions or as neutral atoms which were 
ionized near the emitter surface in the high density 
electron beam. In view of the required rate of ion 
delivery, the excellence of the present vacuum, and 
transit time considerations it is unlikely that the present 
breakdown was initiated by ions” or clusters”® liberated 
at the anode. 

The observed current increase of two orders of mag- 
nitude which accompanied the formation of the vacuum 
are was certainly sufficient to account for the additional 
heating required for the geometric deformation shown 
in Figs. 8B and 9. 

The authors express their appreciation to Professor 
J. E. Henderson of the University of Washington, who 
suggested the original line of investigation and who has 
maintained a continued interest throughout this work. 
Considerable technical assistance was rendered by 
L. M. Perry and others of the Physics department at 
Linfield College. 


3. Guth and C. J. Mullin, Phys. Rev. 61, 339 (1942). 

4 Webster, Van de Graaff, and Trump, J. Appl. Phys. 23, 264 
(1932). 

25 Lawrence Cranberg, J. Appl. Phys. 23, 518 (1952). 
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Gamma-rays produced by the resonance capture of 200-415-kev protons in sodium, magnesium, and 
aluminum have been investigated with a single crystal NaI(T]) scintillation spectrometer. Excited states in 
Meg*, Al, Al??, and Si?* with energies above the ground state of 12 Mev, 2.5 Mev, 8.6 Mev, and 12 Mev, 
respectively, were found to decay by cascade gamma-emission. Direct transitions to the ground state of 
Mg”, Al??, and Si?® were not observed. Observed pulse-height distributions, location of observed peaks, 
identifiable gamma-rays and their relative intensities are given. Decay schemes are proposed to account for 
the observed gamma-rays of Al?’, Si?*, and Al. They are found to involve energy levels which are in general 
agreement with levels found in (d,n) and (p,p) scattering experiments; in the case of Al*, with levels found 
in the mirror nucleus Mg”. An estimate is made of the absolute proton capture probability in the targets 


used. 





I. INTRODUCTION 


“oe using G-M counter detection, has 
investigated a number of (p,y) resonances among 
the lighter elements for proton energies up to 500 kev 
but, using absorption techniques, was only able to 
report the mean gamma-ray energies. Since the mean 
energies have frequently been considerably lower than 
the calculated excitation energies, this suggests the 
likelihood of cascade emission. In the present work the 
energies and relative intensities of the gamma-rays aris- 
ing from several such (p,y) resonances were measured, 
using a sodium iodide (single crystal) scintillation spec- 
trometer. In simple cases, at least, such an energy study 
might be expected to indicate the most probable modes 
of decay to the ground state of the nucleus resulting 
from the proton capture. 

The materials selected for proton bombardment were 
sodium, magnesium, and aluminum, each of which 
exhibits several sharp but weak (p,7) resonances within 
the range of our proton accelerator. 


II. SOURCE OF THE BOMBARDING PROTONS 


Protons in the energy range from 200-400 kev were 
obtained from the new Cockcroft-Walton accelerator, 
or ‘‘kevatron” of the Institute for Nuclear Studies at 
the University of Chicago. 

The protons were extracted from a capillary type ion 
source,” accelerated down a quartz tube containing 15 
accelerating sections, and were then magnetically 
deflected through 15° into the target chamber. Fine 
adjustment of the position of the beam on the target 
was accomplished by a pair of electrostatic deflection 
plates (horizontal and vertical) located just before the 
magnet. 

The high voltage through which the ions were 
accelerated was determined by measuring the current 

* Now at Argonne National Laboratory, P. O. Box 299, Lemont, 
Illinois. 

'R. Tangen, “Experimental Investigations of Proton Capture 
Processes in Light Elements,” Kgl. Norske Videnskab. Selskabs, 
Skrifter, No. 1 (1946). 

2 A. H. Morrish, Phys. Rev. 76, 1651 (1949). 


passing to ground through a 10'°-ohm resistor stack 
made up of 1000 10-megohm resistors in series. 

In frequent practice, the voltage scale was checked 
by excitation of the gamma-rays from the well-known 
fluorine reaction: F'!°(p~; a,y)O'%, which is sharply 
resonant at a proton energy of 340.4 kev? 


III. TARGET CHAMBER 


Owing to the very low yield of y-rays from the reso- 
nances under investigation, the target chamber with 
which most of the measurements were made was 
designed to have as small as possible a distance between 
the target and the detector (see Fig. 1). The target 
could be preheated to drive off any oil vapors which 
would be carbonized when struck by the beam. The end 
of the chamber had attached to it a cooling coil which 
kept it near room temperature. This allowed the gam- 
ma-detector to be moved up to within 3.5 mm of the 
target surface. The target material was either evapo- 
porated (in vacuum) or fused onto pure copper disks, 
1 inch in diameter and ,; inch thick. These target disks 
were dropped into position in the center of the heater 
assembly and were held in place by means of a split 
ring of spring wire which slipped into a groove and 
could easily be removed with forceps. 

The target chamber as a whole was insulated from 
ground and used as a Faraday cup to measure the beam 
current hitting the target, and electrically biased 
diaphragms were used (see Fig. 1) to prevent error in 
the beam current readings from secondary electrons. 


IV. BEAM CURRENT INTEGRATOR 


The beam current integrator has been in the labora- 
tory in satisfactory operation for several years. It 
involves a feedback circuit which prevents the input 
lead from rising very much above ground potential, 
thus minimizing spurious leakage currents. It was 
started simultaneously with the gamma-ray count and 
after a preset number of microcoulombs of protons 
hitting the target, the count was automatically stopped. 
The integrator could be set for 250, 500, 1250, or 2500 
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Fic. 1, Target chamber, designed for heating of target, and close 
proximity of target and sodium iodide crystal. 


microcoulombs. Proton beam currents between 6 and 
12 microamperes were ordinarily used. 


V. THE SCINTILLATION SPECTROMETER 


The scintillating crystals used in this work were 1-1n. 
cubes of Nal(T1).* The surfaces of the crystal were cut 
parallel to the cleavage planes. Because of the hygro- 
scopic property of sodium iodide, the crystals were 
stored in dried mineral oil when not in use, and a thin 
layer of either mineral oil or vacuum grease was kept 
over their surfaces under all other circumstances. 

The crystals, with their surfaces cleaned, were placed 
in optical contact with the entrance window of the 
photomultiplier tube (RCA 5819) and covered with a 
reflector of shiny aluminum foil. 

Two photomultiplier tubes were used at various 
times during the research. ‘They were selected from 
about six tubes of the same type. The pulse output of 
the photomultiplier went to a pre-amplifier of the type 
described by Allen;® the pre-amplifier output went to 
a Los Alamos Model 500 linear amplifier, as described 
by Elmore and Sands.® 

A single-channel differential discriminator (Fig. 2) 
was constructed for the analysis of pulse heights. It 
consisted of two Schmidt’ discriminator circuits, two 
univibrator circuits,’ and one anticoincidence gate 
circuit, operated by a regulated power supply. The 
common cathodes of the two Schmidt circuits were kept 
at a fixed difference in bias. (This determined the 
channel width.) The input grids were tied together to 
the variable arm of a ten-turn 0.1 percent linearity 
helipot whose dial setting determined the voltage of the 
base of the channel. The univibrator which followed 
the lower discriminator was used as a time-delay pulse 
shaper; the univibrator following the upper one pro- 
vided a rectangular gating pulse. Only when the lower, 


§ Harshaw Chemical Company, Cleveland, Ohio. 

‘Fresh, transparent surfaces on the crystals were obtained by 
placing them successively in baths of (a) n-butyl alcohol, (b) 
n-buty) alcohol mixed with xylene, and (c) xylene, following a 
technique privately communicated by W. Bernstein of the 
Brookhaven National Laboratory. 

§J. S. Allen, Rev. Sci. Instr. 18, 743 (1947). 

®W. C. Elmore and Matthew L. Sands, Electronics: Experi- 
mental Techniques (McGraw-Hill Book Company, Inc., New 
York, 1949), p. 167 and Sec. 7.2 

7 Reference 6, pp. 99 ff, Chap. IV, 87 ff, pp. 120-123. 
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but not the upper, of the two discriminator circuits was 
triggered would a pulse arrive at the output. 

The time delay was about 5 microseconds; the gating 
pulse had a width of about 10 microseconds. The rise 
time of the pulses from the amplifier was about 1 
microsecond. The circuit was fast enough to handle 
adequately the counting rates ordinarily observed in 
our work. 

The output of the single-channel discriminator went 
to a Los Alamos Model 200 scale of 64,° whose input 
was either shorted or open as determined by the relay 
circuit associated with the beam current integrator. 


VI. INTERPRETATION OF PULSE-HEIGHT 
DISTRIBUTIONS 


It has been shown experimentally® that when a clear 
Nal(Tl) crystal (that is, a sodium iodide crystal grown 
with a few percent of thallium iodide added as an 
impurity) is bombarded with y-radiation, the light 
output is strictly proportional to the energy absorbed, 
over a large range of energies. 

Whereas alphas or betas slow down directly, a photon 
of energy 4, must first produce electrons in motion by 
(1) photoelectric effect, (2) Compton effect, (3) pair 
production in the crystal. Although (1) leaves an atom 
with a vacancy in the A or L shell, the resultant x-radi- 
ation is usually reabsorbed in the crystal so that the 
light pulse corresponds to energy Ep». (2) produces a 
continuous distribution of electron energies up to a 
maximum which is less than Ey and may be expressed, 
by direct calculation from the Compton equation," in 
the following form: 


mc? /2 
Ey-— 


rene, a 
14+ mce?/2Eo 


(E. Mn <— x Ko = 
1+-mc?/2Ky 


This point is referred to as the Compton edge. 
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Fic. 2. Block diagram of the single-channel 
differential discriminator. 


5 Reference 6, p. 218. 

® See, for example, R. Hofstadter and J. A. McIntyre, Nucleonics 
7, 32 (1950). 

0 See, for example, W. Heitler, Quantum Theory of Radiation 
(Oxford University Press, London, 1947), second edition, p. 146. 
The maximum electron energy is obtained for backscattering of 
the radiation. Putting cos#=—1 and evaluating the change in 
quantum energy gives the result stated. 
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For Ey>mc’*, Eq. (1) shows that the Compton edge 
occurs at approximately Ey—}mc*. Evaluation of the 
Klein-Nishina formula to obtain the energy distribution 
of the Compton electrons gives an almost flat distribu- 
tion which rises to a sharp maximum at the Compton 
edge and is zero above the edge. Experimentally, we 
find this maximum to lie between Ey>— mc? and Ey—4mce’. 

In case (3), an electron and positron are created in 
the crystal with kinetic energies initially adding up to 
E,—2mc*. They are slowed down to zero energy and 
the positron is annihilated, yielding 2 quanta of energy 
mc. If both quanta are absorbed in the crystal, the 
total light pulse corresponds to Eo; if one escapes, 
E,—mc*; and if both escape, Ej>—2mc?. For the case of 
pairs produced close enough to a surface of the crystal 
to allow one or both of the electrons to leave the crystal 
before being completely stopped, a continuous dis- 
tribution of pulses less than Ey is obtained. 

The resultant pulse-height distribution due to an 
incident gamma-quantum of energy E)>mc*? may be 
described as follows. Three peaks may be observed: 
P; at pulse height Ey, owing to a superposition of all 
processes in which the full gamma-ray energy is ab- 
sorbed in the crystal (i.e., all secondary radiations are 
absorbed); P2 at pulse height approximately Ey— mc’, 
arising from pair production with one of the annihila- 
tion quanta captured, superimposed on the peak of the 
Compton distribution; and P, at pulse height Ey—2me 
from pair production with both annihilation quanta 
escaping. The observed continuous distribution of lower 
energy pulses is mainly due to a superposition of the 
Compton distribution and the distribution due to pair, 
photo, and Compton electrons which are not com- 
pletely stopped in the crystal. 

Since the above processes have different energy 
dependence, the appearance of a distribution may be 
expected to change considerably with the energy of the 
incident gamma. 

For a 1-inch cubic Nal crystal, and gamma-energy 
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Fic. 3. Spectra of gamma-rays of various energies used in 
calibrating the spectrometer. 
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Fic. 4. Gamma-ray spectrum from a Na™ source. The dis- 
tributions due to the 1.38-Mev and 2.76-Mev cascade gamma-rays 
are superimposed. 


E, less than 0.5 Mev, the peak Ey tends to predominate 
due to large photoeffect and large probability that any 
secondary radiations will be absorbed in the crystal. 
Between 0.5 Mev and about 2 Mev one observes 
mainly the Compton peak and the photopeak. Between 
2 and 4 Mev, one observes Ey—2mc?, Ey—mce*, with a 
much smaller peak at Bo. Above 4 Mev the peak at Eo 
was not observed. Instead, E)— mec? decreases relative 
to E)—2mce (because of the decrease in the Compton 
cross section relative to the cross section for pair pro- 
duction), and the latter peak predominates. At some 
energy above 4 Mev, depending on the resolution of the 
spectrometer, the smaller peak Ey—me? ceases to be 
resolved from the larger peak Hy—2mc’*, and as a result 
only one peak is seen. 

For gamma-rays above 6 Mev (and at least up to 
11.5 Mev), the observed distribution was especially 
simple in form. It consisted of a long flat portion with 
the peak at Ey—2mc* superimposed. 

Figures 3 and 4 show the pulse-height distributions 
due to gamma-rays of various energies. 

Where more than one gamma-ray is present, the 
interpretation of the peaks may be difficult. This is 
especially true in the region 2 to 4 Mev since all three 
of the peaks may be observable. 


VII. CALIBRATION AND PERFORMANCE OF THE 
SCINTILLATION SPECTROMETER 


The response of the scintillation spectrometer was 
calibrated using the following known gamma-ray 
sources: 

Na” and Na* 
B"(p,y)C” 
F(p; a, yO" 


Hg? 
Hist 


Se” 


Since the amplifier saturated above 90 volts, and the 
discriminator did not operate satisfactorily below 10 
volts, the range of pulse heights which could be reliably 
analyzed at a given gain setting of the analyzer was 
somewhat restricted. In order to cover the gamma-ray 
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TaBLeE I. Gamma-ray absorption coefficients. 


Sodium iodide 
Compton Pair Photo Total 
absorption absorption absorption absorption 
coeff coeff coef coeff. 
Ey (Mev) (cem~!) em!) (em!) (cm™~!) 


Copper 
Total 
absorption 
coeff. 
(em~!) 


0.059 
0.011 
0.004 
0.002 
0.002 
0.001 
0.001 
0.001 


0.327 
0.207 
0.148 
0.130 
0.123 
0.123 
0.126 
0.129 
0.133 
0.136 
0.139 
0.144 
0.148 


0.72 
0.52 
0.36 
0.32 
0.30 
0.28 
0.27 
0.27 
0,27 
0.27 
0.27 
0.27 
0.27 


0.5 0.268 
1.0 0.196 
2.0 0.136 
3.0 0.106 
4.0 0.086 
5.0 0.074 
6.0 0.066 
7.0 0.060 
8.0 0.056 
9.0 0.051 
10.0 0.047 
11.0 0.044 
12.0 0.041 


0.008 
0.022 
0.035 
0.048 
0.059 
0.068 
0.077 
0.085 
0.092 
0.100 
0.107 


energy range from 0.5 to 12 Mev, the range was 
divided up into several parts each of which was sepa- 
rately calibrated. In the low energy range, the 0.51-Mev 
and 1.28-Mev gammas of Na™ were used; in the high 
energy range, the Na” 1.28 Mev and fluorine 6.13-Mev 
gammas were used for the calibration. The ranges were 
selected by changing the amplifier gain. The channel 
width most frequently used was about 2 volts, although 
a 5 volt channel was used when intensities were very 
low. The results of the calibration confirmed the con- 
clusions of previous investigators concerning the 
linearity of the pulse height versus energy release 
relation. 

The resolution of the spectrometer is defined as the 
full width at half-maximum of the photopeak of a low 
energy gamma (E£,<3 Mev, where the photopeak is 
visible) and is expressed as a percentage of the pulse 
height at the peak. The best resolution obtained was 
about 12 percent at 1.28 Mev and 17 percent at 0.5 
Mev. At 6 Mev, the peaks at E—2mc and E— mc’ are 
unresolved giving a single peak. If the resolution for 
this case is defined as the width of the peak considering 
the plateau to be the zero line, then a value of about 6 
percent was obtained. Using the full height of the peak, 
the width at half-maximum was about 17 percent. 

It is believed that by finding a better photomultiplier 
tube, the resolution could have been improved by 
about a factor of 2, which would bring it close to the 
best values attained by other investigators. 


VIII. CALCULATION OF INTENSITIES AND YIELDS 


The total area under the distribution curve due to a 
monochromatic beam of y-rays should be equal to the 
number of primary gammas which have been absorbed 
by the crystal. (Secondary absorption and resolution 
factors would ordinarily affect the location of pulses in 
the distribution, and hence its shape, but should not 
change their total number.) The assumption made here 
is that each time a gamma is absorbed and a light pulse 
is produced, there are enough photons in the light pulse 
to assure a probability of unity that the detector will 


register the pulse. Only for very low energy pulses 
(say, pulses corresponding to less than 50 kev of gamma- 
ray energy) might this assumption be invalid. Since 
we are concerned at present with gammas of energy 
greater than 500 kev and extrapolate to zero the ob- 
served higher energy part of the pulse-height distribu- 
tion, such a low energy “cutoff” would not affect the 
results. 

This extrapolated area under the distribution curve 
owing to a given gamma-ray, we call the “extrapolated 
yield.” The observed pulse-height distributions gener- 
ally involved a number of gamma-rays. The plateau 
level due to the highest energy gamma was determined 
first, either by direct observation when possible, or else 
by estimation of the expected level in terms of the height 
of the pair peak. The extrapolated yield was then deter- 
mined by extending this plateau to zero and calculating 
the area under this distribution. The plateau of this 
gamma was assumed to be the zero line of the next 
lower gamma-ray, and in like manner, the extrapolated 
yields of this, and successive lower gamma-tays were 
determined. For y-rays below 3 Mev, the extrapolation 
was performed by comparison with known distributions 
(Na™, Na*, ThC”, etc.). 

In certain cases where a number of peaks were so 
close to each other that identification of the gamma-rays 
involved was not certain or else the height of a peak 
could not be established because of poor statistics, the 
extrapolated yield for the swm of the gamma-rays in- 
volved was determined. 

In order to be able to compare the various gamma- 
rays from the point of view of their relative frequency of 
production in the (p,y) reactions, it was necessary to 
know the variation with energy of the total absorption 
coefficients (photoelectric+Compton+ pair) of the 
gammas in sodium iodide. On the basis of data given in 
Heitler" this was calculated; the results are given in 
Table I. 

Since there was about } inch of copper between the 
target surface and the detector, Heitler’s values of the 
total absorption coefficients in copper are also included 
in Table I. The attenuation of the beam due to the 
presence of this material (about 15 percent for most of 
the gamma-rays observed) did not seriously distort the 
components of the pulse-height distribution, and it 
should be remembered that calibration of the spec- 
trometer was carried out with the same target and 
crystal geometry which was later used in investigating 
the new gamma-rays. 

The “relative intensity” of an observed gamma-ray 
was obtained from the extrapolated yield by converting 
the latter to the extrapolated yield which would have 
been obtained from a hypothetical gamma of energy 
6 Mev and having the same absolute intensity. Both the 
relative efficiency for absorption in sodium iodide and 
the relative transmission through the copper were con- 


" Reference 10, Chaps. ILI, IV, and V. 
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sidered. Taking these two factors into account mathe- 
matically, we may write for the relative intensity 


, 1—expl—rya(6)%] exp[—reu(y)g] 


Y (2) 


= mnen XVFext, (2 

1 —exp[ — twa (y)z | exp — teu (6)9 | 
where tna and rey are the linear absorption coefficients 
taken from Table I, Z is the effective thickness of the 
crystal, 7 the effective thickness of copper, and Vext is 
the extrapolated yield. 

It should be emphasized that the above definition of 
“relative intensity” refers to the number of gamma- 
quanta absorbed by the crystal, rather than the 
number of gamma-quanta multiplied by their energy. 

Between 2 and 10 Mev, the relative intensity turns 
out to be numerically almost the same as the extra- 
polated yield (within 20 percent). In this region of 
energies, the exponentials in Eq. (2) may be expanded 
in series. The first-order approximation, which gave 
sufficient accuracy, involves merely the ratio of the 
absorption coefficients 7(y) and 7(6) in sodium iodide. 

In view of the difficulties involved in obtaining 
extrapolated yields from a complex distribution to an 
accuracy of much better than 50 percent (uncertainty 
in extrapolation, decrease in effective target thickness 
during the course of a run, statistics, etc.), the labor of 
substitution into Eq. (2) was not warranted for most 
of the observed gamma-rays. 

The analysis of 0.5-Mev radiation must be considered 
as a special case. The absorption of high energy gammas 
due to the pair production cross section in the copper 
resulted in the emanation of annihilation quanta of 
energy 0.51 Mev from the copper. The excitation of 
positron-emitting states of short half-life would also 
produce annihilation radiation (a long half-life would 
enable this radiation to be detected in the background 
runs). 

Before one can make any claims about the existence 
of nuclear 0.5-Mev gamma-rays it is necessary to 
compare the observed intensity of radiation with the 
total estimated annihilation intensity. A_ significant 
difference between the two would then be attributable 
to nuclear radiation. 

For the purpose of estimating absolute gamma-ray 
yields, a calculation was made of the effective geometry 
of a cylindrical crystal relative to a point source located 
along its axis. The assumption was made that the 
attenuation of the gamma-ray beam on passing through 
the crystal was negligible. 

Straightforward integration gave the following ex- 
pression for the number Y of gammas absorbed per unit 
time for a point source of strength S: 


Sra | x+L a’ 
Y =——} ——— In} 1+ 
(x+L)? 


l 


x a’ x+L ; 
—"in(1+—)+2 tan~!——-— tan-!- (3) 


a x a a 
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Mg, AND Al 813 
where 7 is the gamma-absorption coefficient; a the 
radius of the crystal; and x the distance from the point 
source to the front surface of the crystal. As x is in- 
creased, the expression is rapidly asymptotic to an 
inverse square law where the distance is measured to 
the center of the crystal. 


IX. EXPERIMENTAL OBSERVATIONS 


The order in which the materials were studied was 
(a) aluminum, (b) sodium, and (c) magnesium. Since 
small amounts of the target materials tended to evap- 
orate from certain targets due to the heating induced 
by the proton beam, and thus contaminated the target 
chamber and associated piping, it became necessary to 
exert care with regard to the types of materials intro- 
duced into the target chamber, previous to, or during 
a given investigation. The only contaminant possible 
during (a) was fluorine which had been used for cali- 
bration purposes. The fluorine gammas were observed. 
Hence, the presence of 6-Mev gammas in an Al+p 
spectrum could at least in part be ascribed to this im- 
purity. In (b), the possible contaminants were alu- 
minum and fluorine. Since the previously observed 
Al+p peaks were not observed to any significant 
extent in (b), there was no danger of falsely assigning 
any aluminum impurity peaks to the sodium reaction. 
In (c) the possibility of target chamber contamination 
was increased to include sodium. This contamination 
was observed, and it became necessary to disassemble 
the target chamber and clean it. 

Excitation curves were run for each resonance in 
order to determine the yield of the reaction, detect im- 
purities and check the voltage scale. The area under 
pulse-height distributions generally agreed within 10 
percent with the excitation curves run with the integral 
discriminator. The observed yields and calculated 
extrapolated yields are given in Table II. The integral 
discriminator was generally set to count pulses greater 
than 1 Mev in height. 


(a) Aluminum Bombarded with Protons. 
Al*’ + p->Si** 


Since the excitation curves obtained using ordinary 
aluminum indicated the presence of impurity radiations, 
specially purified aluminum was procured from our 
Institute for the Study of Metals. With this aluminum 
whose purity was specified as greater than 99.99 percent, 
only the aluminum resonances were observed. The 
targets were machined into disk form using a clean, 
sharp tool. 

The two resonances which gave enough intensity for 
gamma-energy analysis were located at 325 kev and 
404 kev. Thick target spectra were obtained at 415 kev 
and in the region 335 to 350 kev. The former included 
both resonances; the latter only the 325-kev resonance. 
A 6-Mev gamma-ray appeared on both sets of curves 
and was attributed to fluorine contamination. The two 
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TABLE II. Total gamma-ray yields. 





Total 
extrapolated 
yield* 
fcounts of 
64/500 ycoul) 


Observed thick 

target yield of 

pulses >1 Mev 

(counts of 

Reaction Target 64/500 pooul) 
Na*-+- p >Mg” 
(305-kev resonance) 
Mg" + p—Al® 
(222-kev resonance) 
Mg**+ p—>Al?? 
(314-kev resonance) 
Meg"*-+- p—Al?? 
(336-kev resonance) 
Al?’ + p—Si* 
(325-kev resonance) 
Al??+ p—>S1** 
(404-kev resonance) 


Na2SO, 80 94 

Magnesium 
(evaporated) 4.5 & 
Magnesium 
(evaporated) 4 6 
Magnesium 
(evaporated) 

Solid pure 

aluminum 7 

Solid pure 

aluminum 28 


*Gamma components of 0.5 Mev or less are not included. 


spectra appeared to be of the same shape with all other 
components occurring in the same proportions. The 
observed peaks, their interpretation in terms of gamma- 
energies, and estimated intensities are given in Table 
III. It should be noted that the intensity values given 
at E,=415 kev include both resonances. If the lower 
voltage yields are subtracted from the upper ones, a 
ratio of about 5:1 is obtained for the relative intensity 
of the two resonances. Over a dozen runs in total were 
made, and average spectra are shown in Figs. 5(a) and 
5(b). The pulse-height distribution for the 7-Mev 
gamma-rays at E,=415 kev was compared with the 
corresponding part of the distribution at 330 kev by 
alternately running over the peaks observed at these 
proton energies. The results were very nearly the same. 


The difference in the average values listed in Table III 
is not believed to be significant. 

Although the pulse-height analyses were not carried 
out beyond pulse heights of about 7.5 Mev (gamma- 
energies greater than 8.5 Mev), the absence of any 
appreciable plateau above the peaks due to the ob- 
served 7-7.5 Mev gamma-rays indicates that no higher 
energy gammas of comparable intensities were being 
emitted. 

The characteristics of the spectrum may be described 
by dividing it into three parts: gammas of energy 
1.8-2.8, 4.5-5, and 7-7.5 Mev. (The possible presence 
of gammas below 1 Mev was not investigated.) The 
interpretation of the peaks in the 1.8-2.8-Mev region 
was made difficult by their spacing of approximately 
0.5 Mev. Although only the 1.8- and 2.8-Mev values 
are quoted, a 2.3-Mev gamma might be present with 
low intensity. In the 4.5-5-Mev region, at least two 
gamma-rays were present, making the identification of 
peaks even more difficult. 

In the case of 7-7.5-Mev gamma-rays, the appearance 
of a distinct peak in the distribution is clearly evident. 
Although the presence of two components is indicated 
in Fig. 5 and Table III, the combination of insufficient 
resolving power and poor statistics do not permit this 
to be done with absolute certainty. 


(b) Sodium Bombarded with Protons. 
Na®’+ p—>Mg?* 
As investigated by Tangen,” the 305-kev resonance 
in sodium is the only relatively strong resonance in the 
neighborhood of, or below, 300 kev. Other possible 


TABLE III. Gamma-rays from reaction Al?’?+ p-—>Si®*+ hv. 


P,: pair peak with escape of both annihilation quanta, at E,—2mc¢?. 
P,: pair peak with escape of one of the annihilation quanta, and Compton peak superimposed, at approximately Ey— mc’. 


(a) Gamma-energies 
Identification 
on Figs. S(a), 
5(b) and 
interpretation 


Observed 

nances peak 

involved location 
(kev) (Mev) 


1.81-+0.05 


Reso- 





Photo 


Energy of 
associated yiek 
y-ray 
(Mev) 


1.81+0.05 


(b) Gamma-intensities 
Extrapolated Relative 
intensity 
(counts of 
64/500 ycoul) 


(counts of 
64/500 yueoul) 


14 12 


E 
(Mev) 


1.81+0.05 


2.83+0.07 


2.31+0.07 
2.82+0.07 
3.6340.10 
4.02+0.10 


4044325 
(Ep=415 
kev) 


4.47+0.13 

§.1140.15 tee 
6.104-0.15 H 
6.444+-0.15 I 

1.75+0.10 
2.734+0.13 
3.66+0.14 
4.074-0.16 
§.204+0.15 
6.14+0.18 
6.60+0.23 


2.82+0.07 
2.82+0.07 
4.65+0.10 
4.65+0.10 
5.04+0.10 
5.04+-0.15 
6.13+0.15 
7.12+0.15 
7.4640.15 
Interpretations same as above 


2.82+0.07 12 12 


4.65+0.10) 
Sum ~5 
5.04-+0.10) 


2 
Sum ~12-16 


2.7340.13 


4.67+0.14) 
5.09+0.16/ 
6.22+0.15 


7.1640.18) 
7.60+0.23 | 








12 Reference 1, p. 56 ff. 
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resonances in this region of operating voltage are about 
a factor of 100, or more, lower in intensity. 

The excitation curves obtained in the present work 
were consistent with the above, and hence any gamma- 
rays observed could be assigned to this resonance. 

The data were obtained from about eight runs using 
both thick and thin targets of sodium sulfate. A spec- 
trum obtained with sodium nitrite showed the same 
features as the others. 

A gamma-ray in the region 10-10.5 Mev, at least 
one in the neighborhood of 7.5 Mev, and one at about 
1.38 Mev are clearly visible. In the pulse-height region 
2 to 3.5°Mev which would correspond to gamma-rays 
of energy 2 to 4.5 Mev, the intensity is relatively high 
but the peaks are poorly resolved. Since the peaks could 
not be interpreted with certainty in the latter region, 
the yield and intensity (given in Table IV) were esti- 
mated for the sum of all components present there. A 
typical spectrum is shown in Fig. 6. 


(c) Magnesium Bombarded with Protons 


The work of Tangen and others" has resulted in the 
identification of the 290, 314, 336, and 388 kev reso- 
nances in magnesium with the reaction Mg’*(p,y)AP’, 
and the 222-kev resonance" with the reaction Mg"*(p,7)- 
AP®. In the present work, the 222, 314, and 336 kev 
resonances were studied. The 290-kev resonance, being 
just detectable on the excitation curves, was too weak 
to be analyzed. 

The magnesium targets, both thick and thin, were 
prepared by evaporation in vacuum onto the copper 
target disks. 

A total of nine thick target and eight thin target runs 
were made. Since more peaks were detectable on the 
higher energy thick target curves than the sum total of 
peaks on the thin target curves, it was concluded that 
small amounts of impurities were present. For this 
reason, the results of thin target bombardment were 
used to identify the gamma-ray peaks associated with 
the 336 and 314 kev resonances. 


(1) Mg**(p,y)AP® (222 kev Resonance) 


The measurements on this resonance were carried 
out using thick targets only. The existence of the reso- 
nance was verified by running an excitation curve with 
the discriminator set to count all pulses greater than 
0.5 Mev in height. A sharp step appeared at 222 kev 
(an increase by a factor of about 4 above background). 
The curve then remained flat up to and above 280 kev. 
From this, it was concluded that resonances due to 
impurities were not present in this region, and since 
larger beam currents were obtainable at the higher 
proton energies, the data for this resonance were taken 
at 270 kev. 


'3 Reference 1, p. 58 ff. 
'4 Grodtal, Lénsjé, and Tangen, Phys. Rev. 77, 296 (1950). 
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Fic. 5. (a) AP’(p,y)Si# low energy gamma-spectrum, 
(E,=415 kev.) In this region, two gamma-rays are observed: a 
1.8-Mev gamma-ray, with Compton edge and photopeak at A 
and B, respectively; and a 2.8-Mev gamma-ray, with peaks at B, 
C, and D. (b) Al?’(p,y)Si?* high energy gamma-spectrum (thick 
target), showing gamma-peaks above 2 Mev. Peak C is the same 
as peak C in Fig. 5(a); peak D of that figure is not resolved here. 
The presence of two gamma-rays of energy 4.65 and 5.04 Mev is 
determined from peaks FE, F, and G. (Since two peaks are generally 
observed per gamma-ray in this energy region, F is considered 
to be an unresolved double peak.) Peaks H and J are the pair 
peaks (P,) due to the 7.12 and 7.46-Mev gamma-rays (only one 
peak per gamma is resolved in this energy region). 


Two spectra covering the pulse-height region 0.5-2.5 
Mev were obtained (see Fig. 7). The absence of y-rays 
above 2.5 Mev in energy was obvious in that with the 
integral discriminator set to count pulses above 2.5 
Mev, the number of counts obtained was negligible. 

The Compton distribution and photopeak of a 1.9- 
Mev gamma-ray appeared. There is a peak at 0.9 Mev 
which could be the pair peak. A smaller peak at 2.3 Mev 
may be interpreted as the photopeak of a 2.3-Mev 
gamma-ray. 

A photopeak is also observed at 0.5 Mev which may 
be due to the annihilation of the decay positrons of 
Al’, a nuclear y-ray of this energy, or a combination of 
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TABLE IV, Gamma-rays from reaction: N 


CASSON 


va-+- p—+Mg™ proton resonance at 305 kev. 


P;: pair peak with escape of both annihilation quanta, at Ey—2mc¢’?. 


P,: pair peak with escape of one of the annihilation quanta, and Compton peak superimposed, at approximately Ey— me’. 


(a) Gamma-ray energies 
Observed Iden 

peak Fig. 6 
location interpr 


Energy of 
associated 
y Tay 


tification in 
and probable 
etation 


1.004-0.03 
1.38+4-0.04 


Compton 1.38 
Photo 1.38 
P; 2.40 
Photo 1.90 

1.90+-0.11 P, 

P, 

Photo 
2.4140.12 P, 
P; 
Photo 

2.884-0.14 P2 

P, 

3.22+0.13 D P, 

P; 

3.654-0.14 P2 

P, 
74+0. P, 
1340. P, 
.82+0. , P, 
6.48+0. ; P, 
3 +0. P, 


both. The spectrum interpretation and yield estimates 
are given in Table V. 


(2) Mg**(p,y) AI” 


The presence of only two gamma-rays was discernible 
from the thin target curves: a 5.8-Mev and a 2.8-Mev 
gamma-ray (see Fig. 8). The intensities of the two 
gamma-rays were comparable. The observed yield for 
the 2.8-Mev gamma-ray, as given in Table VI was 
lower than for the 5.8-Mev gamma-ray. However, since 
the thin magnesium targets were difficult to wok with, 
having a tendency to evaporate under bombardment, 
these relative yield figures are probably not very 
reliable. 


(336-kev Resonance) 
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PULSE HEIGHT (MEV) 


Fic. 6. Na®(p,y) Mg™ gamma-ray spectrum (305-kev resonance). 
Peaks B, C, D, and E are not sufficiently well resolved to permit 
certain identification of the gamma-rays involved. Peaks F, G, 
and H are the pair peaks (7) due to the 6.8-, 7.5-, and 10.3-Mev 
gamma-rays, respectively. 


(b) Gamma-ray intensities 


Extrapolated Relative 
vield intensity 
(counts of (counts of 
Ey 64/500 ycoul) 64/500 ycoul) 


1.38+0.04 36 28 
(?)1.90-4+0.11 


Sum - Sum =4 


== 24 Sum ~24 


5.76—-0.14 : 

6.15—0.15 = = 2 
6.84—0.24 Sum ~ Sum ~ 20 
7.50—0.20 

10.3—0.3 


(3) Mg’*(p,y)Al? (314-kev resonance) 


This resonance is about 1/12 as strong as the 336-kev 
resonance. The observed thin target yield above 1 Mev 
was about twice background. Because of very poor 
statistics in this case (this being the weakest of all the 
resonances analyzed), the interpretation of the observed 
spectrum is somewhat in doubt. The information about 
the spectrum was obtained from one thick target and 
two thin target curves. 

To make sure that the observed pulse-height dis- 
tributions were actually due to this resonance, the 
areas under the thin target cutves were calculated. The 
results were compared with the yield at 314 kev ob- 
tained from the excitation curves and were essentially 
the same. 
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Fic. 7. Mg**(p,y)Al® gamma-spectrum due to the resonance at 
a proton energy of 222 kev. Thick target; Ep=270 kev; 500 
microcoulombs per point. Peak D is interpreted as the photopeak 
of a 1.95-Mev gamma-ray, with pair peak( P,) at A and Compton 
edge at C; peak E, the photopeak of a 2.3-Mev gamma, with pair 
peak (P;) at B. 
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TABLE V. Gamma-rays from reaction: Mg*+ p-—Al*+ hv. 


P,: pair peak with escape of both annihilation quanta, at Ey—2me’. 


P,: pair peak with escape of one of the annihilation quanta, and Compton peak superimposed, at approximately Ey— me?. 


Observed peak 
location 
(Mev) 


Resonance 
energy 
(kev) 


Identification 
in Fig. 7 and 
interpretation 


photo 
0.48+0.05 eee or 

nuclear 

photo 
0.94+0.05 / P, 
1.60+0.06 , Compton 
1.94+0.06 photo 


1.30-40.05 P, 
2.35+0.1 4 photo 


As a further check, the 314-kev and 336-kev reso- 
nance yields were calculated, giving a ratio of about 
1/14. From the data obtained by Tangen, who used 
G-M counter detection, a ratio of about 1/12was 
estimated for the two resonance yields, which would 
seem to be a satisfactory agreement. The location of the 
resonance also agreed with his value (314) within 1 
kilovolt. 

In spite of the low yield, it is concluded that the 
5.8-Mev gamma-ray which predominated at the 336 
kev resonance did not appear at 314 kev. Instead, the 
observed increased counting rates were observed in the 
region of 3 to 3.5 Mev pulses, corresponding to one or 
more gamma-rays in the neighborhood of 4 Mev in 
energy. 


X. DISCUSSION AND CONCLUSIONS 


The “relative intensity” numbers listed in Tables 
III-VI (definition given in Sec. VIII) are proportional 
to the number of quanta of each energy which would 
have been absorbed in the crystal if the efficiency of the 
crystal had been a constant, independent of gamma- 
energy. Assuming that differences in the angular dis- 
tributions of the emitted gamma-rays are not im- 
portant (in view of the large solid angle accepted by 
the crystal, and the rather broad target), the ‘‘relative 
intensity” numbers are then proportional to the 
number of quanta of each gamma-energy emitted from 
the target per incident proton. 


(1) Al(pyy) Si2s 


At the 325- and 404-kev resonances in aluminum, 
excited states of Si** are produced having excitation 
energies of approximately 12.00 and 12.08 Mev, re- 
spectively,!® in the center-of-mass system. 

In the absence of any competing reactions, the full 
energy, which is about the same in the laboratory 
system, must be release by the emission of gamma-rays, 

6D), E. Alburger and E. M. Hafner, Revs. Modern Phys. 22, 
376 (1950). 


Annihilation 


2 


Relative 

intensity 

counts of 
64 500 peoul) 


Energy of Extrapolated 
associated yield 
y rey (ecunts o 
(Mev) 64,500 yeoul) 


~6 
(nuclear 
component) 


0.48+0.05 


1.95+0.06 


2.35+0.1 


either directly to the ground state, or in cascade, via 
intermediate levels. 

The observed gamma-rays, 1.81+0.04, 2.82+0.07, 
4.65+0.10, 5.04+0.10, 7.12+0.15, and 7.46+0.15 Mev, 
can be accounted for in a decay scheme (the same for 
both resonances) involving levels in Si?* at 1.81-+0.05, 
4.63+0.10, and 7.12+0.15 Mev. If the 7.12-Mev 
gamma is emitted first, and the present work cannot 
rule out this possibility, then an additional level, at 
5.04+0.10, is involved. The “relative intensities” given 
in Table ILI for a proton energy of 415 kev (including 
both the 325 and 404 kev resonances), are the same for 
the 1.81 and 2.82-Mev gammas, each having the value 
12, indicating that they may be in cascade; the sum of 
the intensities of the 4.65- and 5.04-Mev gammas is 
about 5; and the sum of the intensities of the 7.12- and 
7.46-Mev gammas is between 12 and 16. These ob- 


served “relative intensities’ are seen to be consistent 


A | | 
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Fic. 8. Thin target gamma-spectrum from Mg**(p,y)AF’ at the 
336-kev resonance. E,= 336 kev. Peaks A, B, and C are associated 
with a single gamma-ray of energy 2.8 Mev. Peak D is the pair 
peak (P,) due to a 5.8-Mev gamma-ray whose second peak_(P2) 
at E is not resolved. 
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TaBLe VI. Gamma-rays from reaction: Mg**+ p—Al?’+-hy. 


P,: pair peak with escape of both annihilation quanta, at Ey—2me’. 


P2: pair peak with escape of one of the annihilation quanta, and Compton peak superimposed, at approximately E,— me’. 


Identification 
in Fig. 8 and 
interpretation 


Observed peak 
location 
(Mev) 


Resonance 
energy 
(kev) 


P; 
P2 
Photo 
4.78+-0.25 
5.30+0.25 
(?)3.204-0.2 
(?)3.704+0.2 


with the requirements of the proposed decay scheme, 
which is drawn in Fig. 9. 

Levels in Si** at 1.78+-0.13, 4.47+0.10, 4.91+-0.21, 
and 7.10+-0.12 Mev have been determined by Peck'® 
from the neutrons emitted in the reaction Al?7(d,n)Si**. 
These levels are seen to be consistent with the ones 
proposed for the decay scheme. 

Rutherglen ef al.," bombarding thick targets of 
aluminum with 750-kev protons, observed the gamma- 
rays with a pair spectrometer. Their bombardment 
included at least eight resonances between 404 kev and 
750 kev in addition to the 404-kev and 325-kev reso- 
nances involved in this work. They were able to resolve 
three gamma-rays of energies 7.62+0.1, 10.46+0.07, 
and 12.12+0.1 Mev, but suggested the possibility of 
other gamma-rays in the neighborhood of 7.6 Mev. The 
7.62+0.1 Mev gamma-ray is possibly the same as the 
7.46+0.15 Mev gamma-ray observed in the present 
work, 

Since no gamma-energies greater than 7.5 Mev were 
observed for the 415-kev proton bombardments, 
whereas at 750 kev, 10 to 12-Mev gammas are present, 
it is evident that other modes of decay of the excited 
states of Si** must be more probable in the higher 
resonances. According to Tangen, the mean gamma-ray 
energy at the 503-kev resonance (which is about six 
times more intense than the 404-kev resonance) is 9.2 
Mev compared with 5.4 Mev at both the 404- and 325- 
kev resonances. 

It should be mentioned that decay through a level in 
the neighborhood of 6.1 Mev has not been entirely 
excluded. Since there was known to be a small amount 
of fluorine contamination present, however, the ob- 
served gamma-ray of this energy was assigned to the 
reaction F!*(p; a,y)O". 


(2) Na**(p,y)Mg** 


The excited state of Mg™* produced here has 12.03 
Mev of energy, about the same as the previously dis- 
cussed Si**, The observed gamma-rays: 1.38+0.04 Mev 

“relative intensity” 28); 6.84+0.24 and 7.50+0.20 

16 R.A. Peck, Phys. Rev. 76, 1279 (1949), 

'7 Rutherglen, Rae, and Smith, Proc. Phys. Soc. (London) 64, 
913 (1951). 


Relative 

intensity 

(counts of 
64/500 ycoul) 


Extrapolated 
yield 
(counts of 
64/500 ycoul) 


Energy of 
associated 
y-ray 
(Mev) 


2.83+0.14 35 35 


5.80+0.25 45 


(?)4.2+0.2 d 3 


Mev (sum of intensities 20); 10.3+-0.3 Mev (intensity 
11); a probable gamma-ray at 3.6+0.2 Mev; and others 
in the region 2-4.5 Mev do not appear to be sufficient to 
determine a complete decay scheme, which is consistent 
with the observed relative intensities. The intensity of 
the 1.38-Mev gamma-ray seems to be too large to be 
accounted for entirely by the simple cascade: 


(10.3+0.3)+ (1.38+0.04) = 11.7+0.3. 


Possible emission of the 7.50+-0.20 Mev gamma-ray to 
the well-known 4.14-Mev level in Mg” (the 4.14 level 
decays by emission of a 2.76-Mev gamma to a level at 
1.38 Mev) seems to be somewhat outside the limits of 
experimental error as far as the energy is concerned. 

Since the intensity of the 1.38-Mev gamma is of the 
order of the sum of the intensities of the 6.84+0.24, 
7.50+0.20, and 10.3+-0.3 gammas, it seems likely that 
“ach of these high energy gammas is part of a cascade 
passing through the 1.38-Mev level. Energy considera- 
tions suggest the presence of at least one gamma-ray of 
energy less than or equal to 0.5 Mev. 

One possible decay scheme which is consistent with 
the experimental data would require levels at 5.1, 4.6, 
1.8, and 1.38 Mev. The gamma-rays in this scheme 
would be 10.3, 7.4, 6.9, 3.7, 3.2, and 0.4 Mev. 


(3) Mg’*(p,y) Al’? 


The excited state of Al’? produced at the 336-kev 
resonance appears to decay by means of two gamma- 
rays: 5.8 and 2.8 Mev. The excitation energy, as given 
in the paper of Alburger and Hafner, is 8.61 Mev. 
Energy levels at both 5.8 and 2.8 Mev are both known 
from other researches.'* Hence, the decay with either 
order of emission is shown in the decay scheme proposed 
in Fig. 9. 

The 314-kev resonance, producing Al’? with approxi- 
mately the same excitation energy of 8.6 Mev, showed 
no evidence of a 5.8-Mev gamma-ray. Low intensity 
prevented an extended search of the pulse-height dis- 
tribution, but gamma-rays in the region of 4 Mev were 
indicated. It is suggested that the decay takes place 


'8 For data on Al?’ levels, see H. F. Stoddard and H. E. Gove, 
Phys. Rev. 87, 238, 262 (1952); Reilley, Allen, Arthur, Bender, 
Ely, and Hausman, Phys. Rev. 86, 857 (1952). 
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Fic. 9. Energy level diagrams drawn for Al®, AP’, and Si®* with level positions obtained from the 
literature. The gamma-transitions indicated are the probable modes of decay from the excited states, 
as determined from the observed gamma-rays. A permutation of the order of emission of 2 gammas, 
which is also consistent with the experimental results and a known intermediate level, is indicated by 
dashed lines. The known levels of Mg™ are drawn in dashed lines for comparison with the present results 
for the mirror nucleus Al. 


either through a 4.3-Mev (known) level with emission (intensity 2) can be combined into the decay scheme 
of two 4.3-Mev gammas, or through some other level — shown in Fig. 9. ‘This scheme is in reasonable agreement 
in the neighborhood of 4 Mev of excitation energy. with an estimated excitation energy of 2.34-0.21=2.5 
: ° Mev, where 2.3 Mev is the estimated'® binding energy 

(4) Mg**(p,) Al’ , “ ; dt Ot 


: a . ; of a proton added to Mg”, and 0.21 Mev is the kinetic 
The observed gamma-rays 1.95-+-0.05 Mev (intensity é; 
6), 0.48+0.05 Mev (intensity 6), and 2.35+0.1 Mev 19 See, for example, Louis T. Koester, Phys. Rev. 85, 643 (1952). 
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TABLE VII. Estimated yields. 


Estimated 

number of 

Proton energy reactions 

at resonance per proton 
( 1 


Reaction kev) Target X10” 


Thick y 
. © ) 
NaeSO, I 
Thick 
magnesium 
Thick 
magnesium 
Thick 
magnesium 
Thick 
aluminum 
Thick 


aluminum 


Na™3(p,7) Mg” 


Mg**(p,7)Al* 


Mg**(p,7) Al?? 


Al*(p,7) Si?" 


energy of a proton in the center-of-mass system for the 
222-kev resonance. It should be noted that the presence 
of 0.9- and 1.6-Mev gamma-rays, whose energies would 
also add up to the estimated excitation energy, cannot 
be excluded, as may be seen from Table IV. Support for 
the above results may be obtained by comparison with 
the energy levels of the mirror nucleus Mg” as given by 
Endt et al2° They give 0.583, 0.976, 1.611, 1.957, and 
2.562 Mev for the first five excited states. 

On the basis of the proposed decay schemes, the 


relative intensities, and the geometry of the detecting 
87, 27 


207 Endt, Enge, Haffner, and Buechner, Phys. Rev. 


(1952). 


system, it becomes possible to estimate the reaction 
probabilities, i.e., the number of (p,7) reactions taking 
place per proton hitting each of the thick targets. In the 
case of the sodium reaction, even without a complete 
decay scheme, it seems reasonable to assume that the 
10.3, 7.5, and 6.8 Mev gammas are the members of 
three distinct cascades which are the principle ones 
that occur. Adding the relative intensities of the primary 
y-rays of the various modes of decay gives the total 
relative probability that the (p,y) reaction takes place. 

Using Eqs. (2) and (3) and a distance of about 0.8 in. 
between target and the center of the crystal, with 
0.135 in. of copper in between, an over-all detection 
efficiency at 6 Mev of about 3.2 percent is obtained. 

The resultant calculated reaction probabilities are 
given in Table VII. They are believed to be correct 
within about a factor of 2. It may be noted that the 
most probable of these reactions is less probable by a 
factor of about 10* than the fluorine reaction at 340 kev 
in CaFy. The latter is given in the literature as 1.7 
107°. 

I wish to express my gratitude to Professor Samuel 
K. Allison, in whose laboratory this work was done, for 
suggesting that the problem be undertaken, and for 
giving invaluable assistance and guidance whenever it 
was most needed. Thanks are due Gordon duF loth, 
Peter K. Weyl, and Elias Snitzer for their help with 
operational problems of the kevatron, and_ special 
thanks to Mrs. Sophie Casson who spent many evenings 
assisting in the taking of data, checking calculations, 
and helping in the preparation of this paper. 
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Observations have been made of thirty transitions from the normal to the superconducting state occurring 
in four samples of NbN over a range of current from 0.01 ma to 10 ma. The samples were made from 5 and 
10 mil diameter wire and from } to 1-mil thick sheets. For H,;>100 oersted evidence was found for the 
usual parabolic relation between T and H,, the field produced at the surface of the wire by currents just 
sufficient to make R=0.5 R,,; but for 1;<100 oersted the curve tailed off to higher values of temperature, 
approaching the axis for 7,;=0 tangentially several tenths of a degree above the value of To where it is 
normally assumed to intersect the axis as a straight line. This is further evidence in support of Mendelssohn’s 
suggestion of a sponge-like structure for superconducting alloys. 





LMOST immediately after his initial discovery of 
superconductivity forty years ago, Kammerlingh 
Onnes! observed that at temperatures several degrees 
below the transition point, normal resistance could be 
restored either by a sufficiently strong electric current 
(/.) passing through the metal or by a critical magnetic 
field (/7.) external to it. Silsbee? then showed, in the 
case of elementary superconductors in the form of wires 
with circular cross section, that //,=//; where Hy, is 
the magnetic field at the surface of the wire produced 
by the current /, flowing through it. Further experi- 
ments disclosed that, over the range readily observable, 
the graphs of either H, or 7; plotted against T were 
parabolic and followed the relation 
H.=H,=a(T°—T*), (1) 
where 7) is the temperature of the mid-point of the 
transition at which, extrapolated to //,=0 or H;=0, 
the resistance R is equal to one-half of the normal 
resistance R,, and H, and /, are the values which 
likewise make R=0.5 R, at the temperature 7. 

As experiments were extended from pure elements to 
alloys, it was found that in the latter class 17, was 
usually considerably larger than /7;, but the shape of 
the graph of either plotted against 7 was consistent 
with Eq. (1), as shown in the experiments of Rjabinin 
and Schubnikow.* Moreover, in all the experiments on 
elements and alloys the evidence indicated that Eq. (1) 
was obeyed down to the smallest fields or currents 
which would yield observable changes in resistance. 
This relation was assumed by London‘ in his treatment 

t The work reported here is taken from a dissertation submitted 
by one of the authors (F.C.H.) in partial fulfillment of the re- 
quirement for the degree of Doctor of Philosophy at The Johns 
Hopkins University. Support was obtained from the Office of 
Naval Research and from the U. S. Department of the Army, 
Philadelphia Ordnance District, Ballistic Research Laboratories, 
Aberdeen, Maryland. 

* Now at the Engineering Research Laboratory, Experimental 
Station, E. I. du Pont de Nemours and Company, Wilmington, 
Delaware. 

1H. Kammerlingh Onnes, Leiden Physical Lab. Comm. 133, 3 
(1913); 139, 65 (1914). 

2 F. B. Silsbee, J. Washington Acad. Sci. 6, 597 (1916). 

3 J. N. Rjabinin and L. W. Schubnikow, Physik. Z. Sowjetunion 
7, 122 (1935). 

4F, London, Superfluids I (John Wiley and Sons, Inc., New 
York, 1950), p. 123. 


of the intermediate state in a wire as the current is 
increased to J,. It has been confirmed again in the 
recent work of Mendelssohn, Squire, and Teasdale 
dealing with the effect of current on the transition of tin. 
Contrary to this assumption, recent studies of the 
effect of current on the transition of the interstitial alloy 
NbN have shown® that Eq. (1) is not obeyed for small 
currents (ca 1 ma) and that dR/dI becomes a hundred 
to a thousand times larger than the values obtained 
with currents above 1 ma, such as are customarily used 
in making observations of 7; as a function of JT. The 
purpose of this communication is to present more ex- 
tensive evidence on this point for samples of NbN of 
different sizes and shapes at values of the current con- 
siderably lower than those hitherto employed. 


MATERIALS 


The niobium was obtained from the Fansteel Metal- 
lurgical Corporation of North Chicago, Ilinois and was 
guaranteed to be 99.7 percent pure, the principal 
impurity being oxygen. Four samples of NbN were 
prepared by heating the Nb in an atmosphere of NH; 
as described in a previous publication.’ The details for 
each sample are as follows: 


W5 (five-mil wire). Length 5.5 mm, diam. 0.127 mm. 
Ryo9° =0.2 ohm. Heated in NHz at 1225°C for 30 min. 

W10 (ten-mil wire). Length 6.5 mm, diam. 0.254 mm. 
Roo? =0.05 ohm. Nitriding same as WS. 

R1 (ribbon cut from 1-mil foil). 3.3*0.450.025 mm‘. 
Ro? =0.19 ohm. Heated in NHz3 at 1550°C for 90 
min. 

R1/4 (ribbon cut from }-mil foil). 5.0X0.70.0062 
mm*. Heated in NH; at 1350°C for 30 min 


Each sample was mounted on the flat surface of a 
small copper post, using bakelite lacquer to provide 
thermal contact and electrical insulation between the 


6 Mendelssohn, Squire, and Teasdale, Phys. Rev. 87, 589 
(1952). 

*D. H. Andrews and C. W. Clark, Nature 158, 945 (1946); 
also, Lebacqz, Clark, Williams, and Andrews, Proc. Inst. Radio 
Engrs. 37, 1147 (1949). 

7 Andrews, Milton, and DeSorbo, J. Opt. Soc. Am., 36, 518 
(1946). 
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TABLE I. Values of temperature (°K) at different percent R, with 
various values of current (/) used for measurement. 


‘roent Rn 
50.0 
nt percent 
R-1 (Ribbon fr Ler 
16.045 16.026 
16.029 16.012 
16.022 16.005 
16.034 16.017 
16.016 15.996 
16.004 15.983 
15.987 15.962 
15.977 15.950 


1 sheet) 


16.015 
15.998 
15.992 
16.002 
15.978 
15.966 
15.941 
15.929 


0.010 
0.025 
0.050 
0.100 
0.501 
1.005 
5.088 
10.376 


16.006 
15.985 
15.980 
15.981 
15.958 
15.948 
15.921 
15.906 


15.995 
15.965 
15.943 
15.930 
15.863 
15.883 
15.824 
15.815 


16.081°K 
16.069 
16.053 
16.067 
16.049 
16.040 
16.027 
16.016 


1 sheet 


741 
O88 
691 
682 
662 
632 


0.010 
0.052 
0.105 
0.210 
1.074 
2.083 


751 
707 
706 
696 
677 


648 
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W.s 


520 15.350 
501 15.293 
431 15.227 
436 15.233 
384 15.185 
354 (15.141 
306 15.102 
296 15.087 
238 15.033 
189 14.983 
140) 14.935 
093 14.888 


15.980 
15.983 
15.950 
15.940 
15.895 
15.866 
15.857 
15.841 
15.778 
15.743 
15.698 


15.657 


0.025 
0.050 
0.075 
0.100 
0,250 
0.500 
0.749 
1.001 
2.496 
5.005 
7.478 
9.936 


16.171°K 
16.130 
16.110 
16.099 
16.057 
16.039 
16.056 
16.021 
15.976 
15.964 
15.909 
15.878 


rn 


muna nnnnn oo 
> ’ 

ee eee ee ee 

UMM wunanno 


ran 


W.-10 ( 


mil wire) 


16.061 15.891 794° «15. 

15.840 15.724 5.619 15.520 
15.845 597 15.497 
15.740 5.460 15.340 


_ 
wn 


0.100 
0.401 
1.000 
4.021 


manu 


sample and the post. The ends of the samples were 
copper plated and tinned and had power and potential 
leads soldered on. 


APPARATUS 


Tests were carried out with the samples mounted in 
the vacuum chamber of a small liquid hydrogen cryostat 
previously described.® As the sample passed through the 
transition the electrical potential across it was measured 
by a Leeds and Northrup (Type K) potentiometer- 
galvanometer assembly. The master potentiometer was 
made to follow the potential by a servo-mechanism 
controlled by photocells receiving signals from the 
galvanometer. Another Type K potentiometer (slave) 
was geared to the first and in turn fed its potential to 
a Brown recording potentiometer. Thus a potential of 
luv measured on the master potentiometer would 
produce a potential of 100 uv on the slave potentiometer. 
This, in turn, was recorded by the Brown potentiometer 
which had a full scale reading of 2.5 mv. In this manner 
a continuous record was obtained of the change of 
resistance through the transition, even for currents 
one hundred times smaller than those for which the 
potential could be measured directly on the Brown 
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recorder. The time rate of change of temperature was 
normally about 0.01 deg min. A typical run would 
cover the range from the normal! to the superconducting 
state continuously or vice versa, with temperatures 
read every half-minute from the vapor pressure of the 
liquid hydrogen. 

Cooling was effected by reducing the pressure in the 
space above the liquid hydrogen to a value slightly less 
than the vapor pressure of the liquid hydrogen itself; 
warming was produced by the effect of the normal heat 
leak, when pumping on the hydrogen vapor was:cut off. 
The agreement between points determined by cooling 
and by warming indicate a relative accuracy of 0.002°. 
The thermal contact, between the sample and the 
copper base in contact with the liquid hydrogen, was 
determined by experiments with pulsed infrared signals 
falling on the sample. The results showed that any 
temperature errors due to the heating of the sample by 
the measuring current through it, could be neglected 
for currents <10 ma. 

RESULTS 

The usual S-type transition curves were obtained 
with all four samples. Temperature was plotted as a 
function of time directly on the Brown recorder sheets, 
based on the observed vapor pressures of hydrogen read 
at half-minute intervals, and the sets of temperature 
readings corresponding to a standard set of percentages 
of R, were then tabulated as shown in Table I. In 
plotting the results the field at the surface of the wires 
was used as ordinate. For the ribbons the field was 
calculated for a wire of the same cross section as the 
ribbon. This does not alter the shape of the curve and 
provides a rough basis of comparison with the results 
for the wires. 

The values of Hy for sample W-5 are shown in Fig. 1, 
plotted with the notation used by Burton, Wilhelm, 
and Smith® in a discussion of the current and magnetic 








Fic. 1. Critical fields for 5-mil wire sample; HW, surface field 
calculated from observed critical current; Hs externally imposed 
critical field; 1,4 critical field calculated from Cy,—C,. 

§ Burton, Smith, and Wilhelm, Phenomena at the Temperature 


of Liquid Helium (Reinhold Publishing Corporation, New York, 
1940), p. 309. 





ANOMALOUS CRITICAL CURRENT EFFECT 


field relations in alloys. H, shows the field corresponding 
to the value of the critical current which raises the 
resistance to 0.5 Ry. H; is the external magnetic field 
required to restore the resistance to 0.5 Ry. This is 
based on a few rough measurements made in our 
laboratory on sample R-1/4. No results were available 
for estimating H»2, the field for the commencement of 
penetration. H, is the field calculated from the results 
of Armstrong? for the difference in heat capacity between 
NbN powder in the normal and in the superconducting 
states, using the formula proposed by Rutgers” and 
rigorously established by Gorter and Casimir." 

According to previous measurements on supercon- 
ductors one would expect curve H to follow Eq. (1). 
For the range of our observations, plotted on the scale 
of Fig. 1, this would be a straight line intersecting the 
temperature axis at 7;=0. Within the limit of experi- 
mental error the four points for 7;= 312, 235, 157, and 
78.4 oersted do lie on a straight line. The points for 
smaller values of 17;, however, deviate markedly from 
this straight line and follow a curve with a logarithmic 
decrement, becoming tangent to the temperature axis 
several tenths of a degree above the temperature one 
would have taken normally as the 79 for Eq. (1). The 
values for 7; and //, lie on either side of 7; as might be 
expected. A curve for 7; with a slope corresponding to 
the results of Cook, Zemansky, and Boorse" would lie 
still farther to the right, rising more steeply. It is 
interesting to note that the results of the above authors 
showed a suggestion of a decreasing value of dH/,/dT 
as the effects of fields of less than 500 oersted were 
observed. 

The four points obtained for sample W-10 show the 
same behavior as may be seen by inspection of Table I. 

The points for samples R-1 and R-1/4 are plotted in 
Fig. 2 and show also the logarithmic decrement instead 
of following Eq. (1). 


CONCLUSIONS 


In the interpretation of results of experiments on 
superconducting alloys or even on elementary “hard” 
superconductors one must always be cautious because 
of the enhanced effect of impurities or inhomogeneities. 
The departure from linearity of the relation between 
H, and T for small values of 1/7; can, of course, be due 
to such causes; but considerable evidence against such 
a conclusion lies in the fact that (a) the samples were 
prepared from different samples of niobium, (b) two 
were rolled in the form of sheets and two drawn as 
wires, (c) the methods of nitriding were quite different, 
yet the nonlinear anomaly is strikingly the same in all 
four samples. 


9G. T. Armstrong, J. Am. Chem. Soc. 71, 3583 (1949). 

10 A, J. Rutgers, Leiden Comm. Suppl. 75b (1933). 

4 C, J. Gorter and H. Casimir, Physica 1, 305 (1934); Z. tech. 
Phys. 15, 539 (1934). 

2 Cook, Zemansky, and Boorse, Phys. Rev. 79, 1021 (1950). 
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Fic. 2. Values of 
the surface field cal- 
culated from ob- 
served values of the 
critical current for 
1-mil ribbon (left) 
and j}-mil ribbon 


(right). 
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Again one might conclude that this anomaly is due 
to the nature of the change of the intermediate state 
with current, a relationship which is scarcely under- 
stood for elementary superconductors and far less for 
alloys. Yet it must be born in mind that this anomaly 
occurs, not in a curve representing the growth of the 
intermediate state from a condition of little super- 
conductivity to large, but in a relationship between 
temperature and the current necessary to produce 
R=0.5 Ry, i.e., the resistance is being held constant and 
therefore the nature of the intermediate state may be 
assumed to maintain a constant character while /, is 
determined as a function of 7. 

Mendelssohn" has proposed that an alloy just below 
the superconducting transition consists of a sponge-like 
network of superconducting filaments imbedded in a 
matrix of normal metal. If this is true, and if these 
filaments are of graduated sizes, one can understand 
how a small current can find a path of low resistance 
through the metal with values of local //; at the surface 
of the filaments not exceeding the critical J7; for the 
greater part of the path, whereas a larger current 
destroys superconductivity over a large part of the path 
and thereby produces a much higher resistance. If this 
be the case, these results indicate a striking uniformity 
of filament size distribution, considering the regularity 
shown in the curves. 

Finally, it should be pointed out that there is a region 
of irregularity in the curves in the neighborhood of 
about 0.1 ma which is marked enough to suggest 
something beyond experimental error. Further obser- 
vation along these lines might be fruitful in obtaining 
more information on the nature of the intermediate 
state in alloys of this type. 

The authors wish to express their sincere appreciation 
of the help of Miss Mary Camilla Williams in carrying 
out the experimental observations. 


8K. Mendelssohn, Proc. Roy. Soc. (London) A152, 34 (1935). 
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Electrostatic analysis of incident and product particles has been used to measure the following reaction 
energies: Na™(p,a)Ne® (2.379+0.003 Mev); Na*™(p,a)Ne®* (0.745+-0.002); Na®(p,p’)Na®* (—0.439 
+0,001 Mev); Mg*(p,p’)Mg** (— 1.37140.002 Mev); Al?7(p,p’)AP’* (—0.843+0.002 Mev); Al?*(p,a)Mg™ 
(1.594+0.002 Mev); Al?"(p,a)Mg*™* (0.228+-0.003 Mev). 


I. INTRODUCTION 


CCURATE measurements of nuclear reaction 

energies by electrostatic deflection of incident 
and product particles in high resolution cylindrical! and 
spherical analyzers’ have been reported in previous 
communications’ which shall henceforth be referred 
to as I and IJ. The present paper reports further 
measurements using the same equipment and _ pro- 
cedures (except for minor modifications which will be 
explicitly stated). In the present work thin targets of 
Na™, Mg*, and Al’’ have been bombarded with protons 
and various ground-state and excited-state reactions 
observed and measured. These are individually dis- 
cussed below and the results summarized in Table I. 
Figures 1 and 2 are typical figures showing some of the 
observed reaction edges. 

II. PROCEDURE 


The only significant change in procedure over that 
described in I and II is that the spherical analyzer 


TABLE I. Summary of present measurements. 7; is the energy 
of the incident particle; 7: is the energy at 134° 33’ of the light 
outgoing particle. 


Ti Te Q (Mev) 
(Mev) Mev Q dQ 
1.458 2.3784-0.003 
1.457 2.380+-0.003 


Reaction 


Na*(p,a)Ne? 


Na*(p,a) Ne2* 2.925 0.7454-0.002 
—0.439+0.001 


— 1.37140.002 


Na™(p,p’) Na™* 1.457 
Mg(p,’)Me™* 
AI"(p,p')AP"* 


Al"(p,a) Mg 


2.412 
— 0.843 +0.002 


1.594+0.002 
1.594+0.002 


2.309 


1.187 
1.187 


+0.230+-0.003 
0.225+0.003 
0.229+0.003 


2.742 
3.405 
3.402 


Al"(p,a) Mg”** 








* Work supported by the U. S. Atomic Energy Commission 
and the Wisconsin Alumni Research Foundation. 

t Now at General Electric, Hanford, Washington. 

1 Warren, Powell, and Herb, Rev. Sci. Instr. 18, 559 (1947). 

? Browne, Craig, and Williamson, Rev. Sci. Instr. 22, 952 (1951). 

§ Williamson, Browne, Craig, and Donahue, Phys. Rev. 84, 
731 (1951), referred to as I. 

‘Craig, Donahue, and Jones, Phys. Rev. 88, 808 (1952), 
referred to as IT. 


calibration was used as a secondary voltage standard 
rather than the cylindrical analyzer. In the earlier 
work (I, II) extreme fluctuations of 0.1 percent in 
over-all calibration (cylindrical plus spherical analyzer) 
had been observed over an extended period of time. 
Insufficient data were then available to determine which 
of the analyzers was at fault. In the present work 
observations of narrow resonances in the Al*’(p,a)Mg”* 
and Mg™(p,p’) Mg*** reactions definitely established that 
it was the cylindrical analyzer which was drifting. The 
cause of the drifting was not easily established. There- 
fore, instead of constant recalibrations of the cylindrical 
analyzer with the Li’(p,z)Be’ threshold, the spherical 
analyzer was calibrated with protons scattered by 
platinum immediately before and after the cylindrical 
analyzer was checked with the Li’(p,m)Be’ threshold. 
Then, subsequently, the cylindrical analyzer was 
checked before and after each reaction edge in terms of 
the spherical analyzer measurement of the elastically 
scattered protons from a platinum foil. With this 
arrangement the over-all calibration fluctuation was 
in general less than 0.03 percent, although occasionally 
larger fluctuations did occur. To cover these we have 
assigned an uncertainty in 7, of 0.05 percent. 

We have continued to include an error of 0.1 percent 
in the final Q value as representing the uncertainty in 
the absolute voltage scale, though there are probably 
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enough independent checks® of this scale that one 
could with fair assurance reduce this uncertainty by 
perhaps a factor of two. 

The angle between the incident beam and the 
reaction particles was 134° 3343’ as in II.‘ The error 
quoted in all of our present resuits is simply the square 
root of the sum of the squares of all the estimated 
individual uncertainties. This is the error which has 
been referred to as the “probable” error in I and II. 
For most of the reactions the largest individual uncer- 
tainty is the 0.1 percent of Q which arises from the 0.1 
percent systematic uncertainty in the absolute voltage 
scale. 

III. RESULTS AND DISCUSSION 


Targets of sodium, magnesium, and aluminum were 
prepared by evaporation of the metal upon 1000A 
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Fic. 2. Protons scattered inelastically from the ~1.37-Mev 
level of Mg” and the elastically scattered protons from platinum 
used for analyzer calibration. 


nickel foils.* For some of the sodium and aluminum 
data, targets were also prepared by evaporation of the 
metal upon thick diamond backings. These targets 
were used when the reaction products happened to 
come at energies close to that of the elastically scattered 
protons from the thin nickel backing. 

In general targets were “thin” with respect to the 
energy of the incident particle but were “thick”? com- 
pared to the spherical analyzer resolution. (The mag- 
nesium target was an exception in this respect. The 
reason for choice of a target “thick” compared to 
spherical analyzer resulution is discussed in I. The 
thinness of the magnesium target required an analysis 


®W. J. Sturm and V. Johnson, Phys. Rev. 83, 542 (1951). 
6S. Bashkin and G. Goldhaber, Rev. Sci. Instr. 22, 112 (1951). 


ANALYSIS OF REACTION 


ENERGIES 


TABLE II. Tabulation of component errors for the 
AP"(p,a) Mg™ reaction. 


Frror in Q 
(Mev) 
0.00059 
0.00044 


Source of error Magnitude 


0.05 percent of T; 
0.02 percent of T2 


Relative calibration 
of the analyzers 


Angle of observation +3’ 0.00032 


Location of half-value +0.00088 Mev 0.00106 


of reaction edge 


Absolute calibration 0.1 percent of Q 0.00159 


[Li?(p,n) Be? ] 
(Xé)+=0.0021 


of the reaction data in terms of the extrapolated cut-off 
energy rather than the half-yield point used for the 
“thick” target.) To avoid contamination build-up, 
freshly evaporated targets were used for each reaction 
edge. In addition, whenever feasible the targets were 
checked for contamination build-up by examination of 
the elastically scattered protons from carbon. Targets 
were kept heated to ~200°C, and only in one case was 
any measurable carbon build-up observed. In that 
instance the correction to the Q value necessitated by 
the contamination was only 0.4 kev. 

First-order relativistic corrections were applied 
throughout the analysis as in I and II. 

Table II displays the component errors making up 
the over-all uncertainty in the Q value for the Al?’( p,a)- 
Mg” reaction and is typical of the other data. 

Table III compares our present reaction measure- 
ments with the best of the other available data. In 
general, there is very satisfactory agreement of most 


TABLE III. Comparison with other measurements. 


Other 
measurements 


Present 


data Method ence 


2.34 +0.04 mag. spect. c 
2.372 40.008 mag. spect 


Na**(p,a)Ne® 2.379 +0.003 


1.66 +0.02 
1.63 +0.02 
1.631 +0.006 


photo plate 
—F2 decay 
—F decay 


Ne20* 1.634 +0.004 


0.45 +0.01 
0.43 +0.02 


0.439 40.001 gamma-spect. 


mag. spect. 


Na?* 


—Na™ decay 
—Na™ decay 


1.3680 +0.0010 
1.3697 +0.0003 


Mg** 1.371 +0.002* 
1.366 +0.004 
0.844 +0.020 
0.837 +.0,016 


mag. spect. 
mag. spect. 


Al™* 0.843 +0.002 


1.595 40.007 
1.585 +0.015 


mag. spect 
mag. spect 


Al?1(p,a) Mg™ 1.594 +0.002 


* From QO of Mg*(p,p") Mg** 

+ From O's of Al??(p,a)Mg™ and Al?’(p,a) Mg#*, 

¢ J. M. Freeman, Proc. Phys. Soc. (London) A63, 668 (1950) 

4Van Patter, Sperduto, Endt, Buechner, and Enge, Phys. Rev. 85, 142 
(1952). 

¢ R. Middleton and C. T. Tai, Proc. Phys. Soc. (London) A64, 801 (1951) 

J. V. Jelley, Phil. Mag. 41, 1199 (1950). 

«1. Alburger, Phys. Rev. 88, 1257 (1952). 

» Stelson, Preston, and Goodman, Phys. Rev. 86, 629 (1952). 

i Endt, Haffner, and Van Patter, Phys. Rev. 86, 518 (1952). 

i A. Hedgran and D. A. Lind, Arkiv Fys. 5, 177 (1952). 

* Same as j but recalculated for revised Au'* gamma-energy (see reference 
10) and making use of Co™ to Au! ratio determined by D. A. Lind and 
A. Hedgran, Arkiv Fysik 5, 29 (1952). 

' Reilley, Allen, Arthur, Bender, Ely, and Hausman, Phys. Rev. 86, 857 
(1952). 

™ DPD, M. Van Patter and W. W 


Buechner, Phys. Rev. 87, 51 (1952). 
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observers within their stated errors. Our values for the 
excited states are obtained either from inelastic proton 
scattering or from (p,«) reactions to the ground and 
first excited states. 

Only in the case of the Mg” level at ~1.37 Mev is 
there an independent measurement which is of higher 


McELLISTREM, 


AND RICHARDS 


This comparison involves also a comparison of two 
absolute voltage scales, namely, that of Herb, Snowden, 
and Sala® and that of DuMond’s curved crystal gamma- 
spectrometer.’ It is of interest that DuMond’s recent 
revision’? of his Au!’ gamma-energy significantly 
improves the agreement of the two scales. 


precision than that here reported. This high precision 
measurement comes from a Na™ gamma-ray energy 
measurement’ in terms of the absolutely determined 
Co gamma-radiation,® or the Au’ radiation. 


"1A. Hedgran and D. A. Lind, Arkiv Fysik 5, 177 (1952). 
§ Lind, Brown, and DuMond, Phys. Rev. 76, 1838 (1949). 


We hope in the near future to obtain higher precision 
in the measurement of this Mg” level so that a really 
good consistency check of the two scales will be possible. 


® Herb, Snowden, and Sala, Phys. Rev. 75, 246 (1949). 
10 Muller, Hoyt, Klein, and DuMond, Phys. Rev. 88, 775 (1952). 
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The Secondaries of Penetrating Showers* 


C. C. Damut 
Brookhaven National Laboratory, Upton, Long Island, New York 
(Received September 19, 1952) 


The momentum spectrum of penetrating shower secondaries at 11 200 feet altitude has been measured 
by means of the distribution in projected angle of the multiple Coulomb scattering of those particles in a lead 
plate of a cloud chamber. The resulting spectrum is compared to that obtained for the meson secondaries of 
stars in photographic plates exposed at 70 000 feet. For mesons above 500 Mev, the two spectra coincide 
within the errors. At lower energies, and especially around 100 Mev, a marked difference exists. The 
respective average energies are also different by a factor of about two. All of these differences appear to 
to result both from selecting particles emitted in the forward direction, and from higher energies of the 
particles producing the primary event in the present experiment. The average “primary energy” appears 
to be less than 8 Bev, which is a lower value than one might deduce from the latitude effect of penetrating 
showers. 

A production of photons in carbon by the penetrating shower secondaries has been observed. Interpreted 
in terms of x° production, this is consistent with the photographic plate work that has suggested inelastic 
charge exchange scattering. 

Three decays of neutral V° particles observed show that the cross section for V° production by the pene- 
trating shower secondaries is most likely an appreciable fraction of the geometrical cross section. 


I. INTRODUCTION daries, one recalls immediately the photographic plate 
work of Camerini ef al.' Their data concern stars 
detected in photographic emulsions at 70 000 feet alti- 
tude. A priori, the spectrum of the particles produced 
in PS, and the spectrum of the shower particles of 
Camerini et al. could be quite different; thus a com- 
parison of the present data and theirs is of interest. 

Barker and Butler? used a magnetic cloud chamber at 
sea level to measure the momenta of 135 particles under 
25 cm of lead; of these, 85 had momenta >1 Bev/c. 
Their apparatus required sevenfold coincidences and 
so selected PS events on a fairly rigid basis. 

In the present experiment, performed at 11 200 feet 
altitude, the momentum spectrum of PS secondaries is 
measured with a geometry such that the minimum 
number of particles required to arise from the primary 
interaction is two, although the average number is 


N recent years a considerable amount of experimental 
effort has been devoted to the study of penetrating 
showers (PS). Various assemblies of lead and counters 
have been used to determine the absorption mean free 
path of PS producing radiation, as well as to determine 
the collision cross section of such particles with various 
nuclei. However, the energy of those particles, or the 
energy spectrum of the secondaries produced in the 
penetrating shower, cannot be readily measured because 
the best experimental methods which can be thought of 
are hampered by too low a rate of occurrence. Also, one 
hesitates to build a complex apparatus which yields an 
answer that is not simply interpretable. With a rela- 
tively simple apparatus, some data have been collected 
on the momentum distribution of the PS secondaries. 
On the subject of the spectrum of penetrating secon- 


* The present research has been carried out under the auspices 
of the U. S. Atomic Energy Commission. 

t Work performed in partial fulfillment of the requirements of 
New York University for the degree of Doctor of Philosophy. 


1Camerini, Fowler, Lock, and Muirhead, Phil. Mag. 41, 413 
(1950). 

? K. H. Barker and C. C. Butler, Proc. Phys. Soc. (London) A64, 
4 (1951). 
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certainly higher. (Prompt coincidences of two or more 
A counters with one or more B counters triggered the 
chamber. See Fig. 1.) Also, the total amount of lead 
has been kept to a minimum without too much danger 
of confusing soft showers with local penetrating showers, 
because any soft shower capable of triggering two 
counters in A and one in B (notice the side shielding) 
would quite certainly be recognized as an electron 
shower in the picture. In such electron showers it is 
known that the density of mesons is only 2 percent of 
the electron density, so that the contribution of air 
shower mesons to the particles collected and analyzed 
to obtain the momentum spectrum must really be inap- 
preciable. 

On the other hand, the discrimination against 
pseudo-PS produced by » mesons can only depend on 
the geometry immediately adjacent to tray A. The 
geometry used here is similar to a geometry® for which 
it was found that 90 percent of the 425 events were 
due to particles characterized by an absorption mean 
free path in air of about 120 g/cm*. That is, no more 
than 10 percent of the events can be due to mu-mesons. 

As a consequence of the low multiplicity required, 
and of the relatively small amount of lead absorber, the 
present apparatus must operate in an energy range 
which is perhaps as low as possible for an apparatus 
which detects PS. This can also be seen by making a 
comparison of approximate rates of occurrence of PS 
per unit surface for some PS detectors used in the past 
years to study the nuclear-interacting component of the 
cosmic rays. 

Thus, Tinlot,* measuring the altitude dependence of 
PS events, had a rate of 47 hr.' with a tray surface of 
40 sq. in., at mountain altitudes. Walsh and Piccioni,® 
who measured the altitude and latitude dependence of 
PS with an apparatus similar to Tinlot’s, had a rate of 
40 hr~ (computed from higher altitude points). Both 
of these experiments had a total of about 12 in. lead 
absorber. With a substantially larger thickness of 
absorber (24 in.), and requiring a sevenfold coincidence, 
George and Jason® had a rate of 5 hr over approxi- 
mately 100 sq. in. The present arrangement had a rate 
of 55 hr~!, with a total lead absorber of 5 in., and a 
surface (tray /) of 50 sq. in. It is thus self-suggestive 
that the primary energy range characteristic of the 
present experiment should be close to that of ‘Tinlot’s 
and Walsh’s, and appreciably less than that of George 
and Jason’s. 

II. APPARATUS 


The apparatus was operated at Berthoud Pass, 
Colorado, at 11 200 ft altitude. The A428 coincidences 
were made with a resolving time of 5 microseconds, so 
that random coincidences were negligible. 
~ 80. Piccioni, Phys. Rev. 77, 1, 6 (1950). 

‘J. Tinlot, Phys. Rev. 73, 1476 (1948). 

5 T. Walsh and O. Piccioni, Phys. Rev. 80, 619 (1950). 

6 E. P. George and A. C. Jason, Proc. Phys. Soc. (London) A63, 
1081 (1950). 
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Fic. 1. Apparatus. 


The rectangular cloud chamber was kindly made 
available by Dr. E. C. Fowler at a stage of partial con- 
struction. The chamber walls are 3 in. polystyrene with 
cemented corners, forming a useful, illuminated volume 
83X71 X3 inches deep. This polystyrene was clamped 
between a }-in. glass front plate and an aluminum rear 
wall. Because of the doubtful strength of this con- 
struction, the chamber pressure was restricted to +5 
cm Hg. Consequently, to obtain minimum ionization 
tracks dense enough for good photography at mountain 
altitudes, the chamber was filled with krypton. The 
small chamber size, together with a special filling tech- 
nique and carefully prolonged operating periods, made 
this economically feasible. 

As compared to argon at the same pressure, one 
espects an increase in the ionization per cm of about 1.9 
for a particle ionizing near minimum in krypton. Indeed, 
a substantial improvement of this order was observed. 

The expansion ratio was pressure controlled, and was 
varied by adjustment of the regulated air pressure 
behind the rubber diaphragm. A first-order temperature 
compensation was achieved by the method of Leighton,’ 
although the cloud-chamber room was maintained 
within +0.5°C of a set temperature. Altogether, unat- 
tended operating periods of 16 hours were the rule, with 
stable operation over this time. 

The fast expansion required 12-14 milliseconds for 
completion; this time was measured by allowing a col- 
limated light beam to fall on a photocell as the rubber 
diaphragm completed its last few millimeters of motion. 
In the compressed position, the rubber blocked the 
light beam. This simple method was possible because of 
the transparent (polystyrene) wall construction. 

The chamber contained a 0.5-inch lead plate through- 
out the experiment and was photographed stereoscopi- 
cally by two cameras. 

III. MOMENTUM SPECTRUM 

The momentum spectrum of the penetrating secon- 
daries crossing the chamber was determined from the 
distribution of the projected angle of multiple Coulomb 


scattering in the 0.5-in. lead plate. 
The projected scattering angle was measured in one 


7R. B. Leighton, Rev. Sci. Instr. 19, 274 (1948). 
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Fic. 2. Distribution of projected angles of scattering in 4-inch Pb, 
and momentum spectra. 


camera view for 507 lightly ionizing (less than ~2 times 
minimum) penetrating particles whose visible track 
extended from top to bottom of the chamber. Two 
absorber arrangements were used, although no dis- 
tinction is made for the present purposes: (1) 3.2 g/cm? 
of lead distributed in the absorber volume (Fig. 1); 
(2) no absorber, with the 1} inches of lead just below 
the A counters replaced by 1} inches of iron. 

The bias against observing large angles of scattering 
has been considered by the method of Crewe and 
Litherland,® and found unimportant for angles below 
7 degrees. 

The probable error in individual scattering measure- 
ments was estimated to be +0.3 degrees. The results 
were grouped in 0.5-degree intervals and the experi- 
mental points plotted in Fig. 2. There were 28 particles 
which scattered more than 7 degrees, which, of course, 
may include some nuclear scatterings. 

It is not practically possible to obtain the momentum 
spectrum directly from the scattering distribution, so a 
trial and error method was adopted. Momentum spectra 
were assumed, and the corresponding scattering angle 
distributions calculated by a numerical synthesis. The 
fraction of particles in each momentum interval Ap 
which scatter less than @ is? 


6 


I f exp(— 8° /26:m9")d8, 


§ A. V. Crewe and A. E. Litherland, J. Sci. Instr. 28, 182 (1951). 
® B. Rossi and K. Greisen, Revs. Modern Phys. 13, 240 (1941). 


with @rms’= (21)t/2P*6?. ¢ is the plate thickness in 
radiation lengths (2.4), and P is taken at the mid-point 
of each Ap. For 6 at 0.5-degree values, F is read off 
directly from tables of the Gauss integral, and the dif- 
ference between successive F values gives the fraction 
of particles in Ap per 0.5 degree. After weighting by the 
number of particles assigned to Ap, a simple synthesis 
over all momentum intervals gives the scattering angle 
distribution. In Fig. 2 are plotted two spectra S,; and S, 
and their scattering distributions so determined. S; fits 
the data better than any of the several spectra tried, 
while .S_ does not and is included for comparison. 

In Fig. 3, the spectra S; and S: have been converted 
into energy spectra. Assuming, as an average, that all 
penetrating showers are produced in the horizontal 
central plane of the lead above the A counters, the 
energy spectrum at the point of production has been 
evaluated, computing the energy loss by ionization 
along the path from such a production point to the lead 
inside the cloud chamber (~100 g/cm*). For this cor- 
rection, it was assumed that all particles observed were 
mesons. That the dominant portion are mesons is 
confirmed both by the photographic emulsion work of 
Camerini et al.,! who find that ~75 percent of the 
“shower particles’ are mesons, and by the more recent 
work of Cool and Piccioni'® who find, in an apparatus 
similar to the present, that ~80 percent of the pene- 
trating secondaries are mesons. 

Above 2 Bev, the differential energy spectrum S; 
decreases as E~**. The value of the exponent is sub- 
stantially determined by the fofal number of particles 
above, say, 2 Bev, and cannot be determined by the 
shape of the scattering-angle distribution curve at very 
low angles, because of insufficient accuracy. Although 
it is difficult to determine the error in this exponent, a 
value of 2.8 is perhaps compatible with the present data. 

The spectrum obtained by Camerini ef al. for all 
mesons from stars in emulsions at 73 000 feet is shown 
on the same plot (Fig. 3). The spectrum S; is remarkably 
different from that obtained in emulsions. The maxi- 
mum of S; is shifted to about 450 Mev, compared to 
the value of 50 Mev for the Bristol spectrum, while the 
average total energies are about 2.0 Bev and 800 Mev, 
respectively. The spectrum S, does give a value inter- 
mediate between S; and Bristol, but appears from Fig. 2 
to be inconsistent with the data. On the other hand, it is 
clear that the spectrum in the present arrangement 
should be enriched in higher energies because of the 
triggering requirement, and because only particles pro- 
jected in the forward direction are accepted. 

To examine this explanation in more detail, let us 
consider the mesons as produced in nucleon-nucleon 
collisions, including cases where the impinging nucleon 
is secondary to a previous event in the same nucleus. 
We may also very reasonably assume that the dis- 
tribution in angle of the emitted mesons in the c.m. 


1 R, L. Cool and O. Piccioni, Phys. Rev. 87, 531 (1952). 
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system of the two nucleons is symmetric in the forward 
and backward hemispheres. The forward hemisphere 
will project, in the laboratory system, into a solid 
angle, the semi-aperture of which depends upon the 
energy of the colliding nucleon (roughly, as the inverse 
of the square root of the energy). For instance, in the 
range 2-5-Bev kinetic energy of the colliding nucleon, 
the semi-aperture in the laboratory system, corre- 
sponding to the c.m. forward hemisphere is about 30°. 
Up to this value of the angle between primary and 
secondary particles, the requirement that the secondary 
track cross the cloud chamber cannot introduce much 
of a bias. If we take into account that the angular dis- 
tribution in the c.m. system is probably not uniform, 
we see that the chamber easily receives all of the 
mesons produced in the forward hemisphere (c.m.), and 
possibly some of those produced in the backward 
direction. 

Now, the average laboratory energy of the mesons 
produced in the forward hemisphere (c.m.) is somewhat 
larger than the average laboratory energy of all mesons. 
Clearly enough, the ratio of these average energies 
cannot exceed 2 (given c.m. symmetry). The average 
total energy in the present experiment is 2050 Mev, 
while in the experiment of the Bristol group, it is about 
800 Mev; the ratio is 2.5. This may be taken as quali- 
tative evidence that the average energy of the PS 
events is higher than the average energy of the meson- 
producing stars. The latter energy can be computed 
from the curves of the Bristol!! work showing the 
fraction of stars with meson production vs primary 
energy, and assuming a primary spectrum of E? “dE. 
The average value of 4 Bev is the result. 

Whether or not secondary collisions taking place in 
the present experiment, either in the original nucleus of 
in the absorber below, produce mesons with a degraded 
spectrum which is added to the meson spectrum of the 
first collision, the resultant spectrum is still more ener- 
getic than the Bristol stars. One concludes that the 
average energy of the primary particles must be larger 
than 4 Bev. At the same time, comparing the average 
energies of the secondaries in the two experiments, the 
average primary energy in our apparatus appears to be 
less than, say, twice 4 Bev. 

This value is lower than that attributed to the PS 
detected by Walsh and Piccioni® with an apparatus 
which does not appear to require much more energetic 
events than the present one. These authors measured 
a latitude effect of 10 percent and computed the energy 
of the PS producing particles for two separate assump- 
tions for the behavior of the nucleonic component 
between the top of the atmosphere and 300 g/cm?. The 
smaller value obtained for the average energy of the 
registered events was 20 Bev. The value of 8 Bev 
deduced above indicates that the energy degradation in 

"’Camerini, Davies, Fowler, Franzinetti, Muirhead, Lock, 
Perkins, and Yekutieli, Phil. Mag. 42, 1241 (1951). 
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the 300 g/cm? of atmosphere is even more important 
than that computed by Walsh and Piccioni, who applied 
the scheme of Heitler and Janossy, neglecting the con- 
tribution of the “‘cascade”’ of secondary nucleons. 

The fact is also remarkable that the peaks of the two 
spectra lie at energies which differ by more than a factor 
of two. In attempting to interpret this on the basis of 
the angular selection, we note that the angular dis- 
tribution of shower partices (Bristol paper)" about the 
primary direction is substantially the same for events 
of different multiplicities, with 16 percent emitted 
backwards (laboratory system). Unfortunately, no in- 
formation on the energy spectrum of these particles is 
available, but even supposing all to be below 350 Mev, 
the Bristol spectrum contains 62 percent of its particles 
below this energy, while the spectrum 5; has only 11 
percent in this range. The difference seems too large for 
the large shift in the spectrum peak to be simply ex- 
plained by the loss of this backward 16 percent. In order 
to explain such a large shift again with the forward 
selection in the present experiment, the assumption that 
a strong difference in energy exists between backward 
and forward particles (laboratory system) is not suf- 
ficient. One has to assume that a strong difference in 
energy exists between mesons emitted at angles less 
than 30° (laboratory), and all of the others. Now, an 
angular distribution of mesons in the c.m. system which 
is peaked in the forward and backward directions could 
give a suitable distribution in angle and energy in the 
laboratory system. At the same time, this assumption 
explains the production of so many low energy mesons 
as found by Camerini ef al.,' whereas the cross section 
for meson production is only important at energies of 
the order of a Bev or more. The authors of the Bristol 
paper” prefer to think that the backward emitted 
mesons (laboratory) are produced in secondary col- 
lisions, which process no doubt must have some im- 
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Fic. 3. Energy spectrum at production. 


' Camerini, Davies, Franzinetti, Lock, Perkins, and Yekutieli, 
Phil. Mag. 42, 1261 (1951). 
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As a third possible explanation, if we consider that 
m-mesons could be absorbed by the same nucleus in 
which produced, as they are by other nuclei, a plausible 
interpretation of the backward mesons isotropically 
distributed would rest on such phenomena as inelastic 
m-scattering as reported by Lock and Yekutieli'* and 
Bernardini ef al.'4 for ‘free’? mesons. In this case, it 
would, perhaps, be somewhat easier to understand the 
difference between the spectrum S, of Fig. 3, and the 
spectrum of Camerini ef al. on the basis of the triggering 
requirement and geometrical considerations. 

In conclusion, the present experiment shows that, for 
mesons above 0.5 Bev, the spectrum of the PS second- 
aries is very similar to the spectrum as determined in 
photographic plates, and the shape of the spectrum as 
reported by Camerini ef al.' is supported by the present 
data. At energies less than 0.5 Bev, a marked difference 
exists between the two spectra, which appears to result 
both from selecting forward particles, and from a higher 
primary energy. 
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Fic. 4. Gamma-events per penetrating particle for the various 
absorbers. 


IV. GAMMA-EVENTS 


A number of events were observed in which two or 
more lightly ionizing particles emerged below the lead 
plate of the chamber, with no visible primary particle. 
That these events are due predominantly to the con- 
version of photons in the plate can be seen readily from 
Fig. 4, where is plotted the number of these gamma- 
events per penetrating particle for each of four absorber 
arrangements, vis., the two previously mentioned and 
(3) 34.2 g/cm? of carbon in the absorber volume, (4) 36 
g/cm? of lead distributed in the absorber volume, both 
(3) and (4) having 1} inches of lead below the A 
counters. The abscissa of Fig. 4 is in radiation lengths 
of lead below the arbitrary zero of the absorber arrange- 
ment with iron. 

The rapid attenuation of the gamma-events indicates 
that only a few could be neutron induced events. In 
fact, for the thickest lead absorber, the neutrons capable 


8 W. QO. Lock and G. Yekutieli, Phil. Mag. 43, 231 (1952). 
4 Bernardini, Booth, and Lederman, Phys. Rev. 83, 1075 (1951). 
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of producing such events would have to number as 
many as all of the penetrating particles observed with 
this absorber to account for the gamma-events, using 
an interaction cross section equal to the geometrical 
one. From the estimate of the number of protons in the 
beam of penetrating particles (20 percent), one could 
only hope to account for 75 of the gamma-events by 
neutrons in this case, since all neutrons would certainly 
not be energetic enough. Since the maximum absorption 
cross section is equal to the geometrical, the variation 
of the number of neutron events with absorber is slight. 
The dashed line of Fig. 4 indicates the maximum 
neutron contribution estimated on this basis and its 
variation with absorber. 

Now, the carbon absorber and the 3.2 g/cm? of lead 
arrangement are nearly equivalent thicknesses, meas- 
ured in radiation lengths. Therefore, at least for the 
higher energy electronic component, these two ab- 
sorbers will equally attenuate the gamma-events having 
their origin in the primary event. The difference between 
the number of events observed with these two absorbers 
must be interpreted as a photon production in the 
carbon (the lead is negligibly thin for nuclear inter- 
actions). 

Such a production could arise from the decay of 
neutral pi-mesons generated in the carbon by the PS 
secondaries. Two mechanisms for r° production suggest 
themselves: (a) production by nucleon secondaries, 
(b) inelastic charge exchange scattering of m-meson 
secondaries. Because of the prevalence of events with 
low multiplicity and wide angles, elastic charge ex- 
change does not appear to be the main source of the 
gamma-events. The mechanism (a) must certainly be 
operative to some extent, while the second mechanism 
(b) is suggested by the experiment of Lock and 
Yekutieli,!* using photographic emulsions. These authors 
estimate from energy balance considerations that the 
charge exchange process occurs in about half of the 
m-meson interactions observed, 

Without a knowledge of the angular distribution of 
the emitted 7° in either of the above processes, it is not 
possible to determine the production cross section from 
the present data. 

However, Lock and Yekutieli find that scattered 
charged w mesons are generally strongly reduced in 
energy with respect to the incident z. It is reasonable to 
think the same will be true of the 7°, and that further- 
more, the angular distribution in such a process will be 
more or less isotropic. 

With this assumption, a cross section can be com- 
puted from the net of 3.8+2.3 gamma-events per 100 
penetrating particles observed which were evidently 
produced in the carbon. Assuming that the carbon is 
effectively concentrated at its horizontal central plane, 
photons produced at all points in the carbon may be 
detected, limited only by the illuminated region of the 
cloud chamber and the B counters. The intensity, 
1(0)d6ds, of w-mesons incident on the carbon is taken 
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to be a function of zenith angle 6 only. The number dn 
of photons arriving at area do of the cloud-chamber plate 
from the area ds of the carbon is 


dn= (Chy, 4n)[1(0)d0ds |dQe, 


where /#, is the probability of a m producing a photon 
in the carbon, dQ is the differential solid angle of do 
seen from ds in the carbon, and C is the factor account- 
ing for the photon loss by conversion in the carbon or 
lack of conversion in the lead. If d2p, is the differential 
solid angle of ds seen from do in the lead plate, note that 
dsdQc=dodQy»,. The number of photons observed is 
now obtained by integrating all contributions, 


n= (9/4) f (1(0)d0de) f der, 


The first integral is just the flux , of m-mesons 
through the chamber plate, while the second may be 
considered an average solid angle 2 of the carbon as 
seen from the plate. Consequently, 


py=(n/n,)(40/CQ). 


From the asymptotic conversion probability of 7/9 
per radiation length, C is estimated to be 0.65, while 
(Q/42) is estimated at 0.065. The resultant p, is there- 
fore 0.90. Accounting for the double photon 7° decay, 
the indicated mean free path in carbon for z° production 
by this process is 58 g/cm’, or approximately geomet- 
rical. Thus, the observed production of photons is com- 
patible with a cross section of the order of geometrical 
for the inelastic charge exchange scattering. 

On the other hand, fast nucleons numbering 40 per- 
cent (counting neutrons) of the penetrating particles 
could also account for the observed photon production, 
although in this case the angular distribution of the 7° 
would have to be quite peaked in the forward direction 
to increase the ‘‘detection efficiency” by at least a 
factor of two over the isotropic case. If, also, only 4 
of the mesons produced by nucleons are neutral, it 
seems improbable that nucleons could account for all 
the photon production observed. 

We must conclude that either of the processes (a) 
and (b) or a combination of the two, could account for 
the observed production of photons in carbon, although 
it is unlikely that production by nucleons alone is 
responsible. 


V. NEUTRAL V PARTICLES 


Three decays of neutral V particles were observed 
during the experiment. Two of these occurred with 
carbon as absorber, while the third occurred with the 
small 3.2 g/cm? of lead as absorber. The former two 
have their apex above the lead plate, while the latter is 
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below the plate. With a mean lifetime of 3X10~™ sec, 
as reported by Leighton,'® one would expect the V° 
particle to be produced in numbers comparable to the 
charged penetrating particles (2166) in order to have so 
many at this distance (68 cm) below the PS production 
layer. Such a high production in PS has not been ob- 
served in other experiments, and a more plausible 
interpretation is that the first two V° particles were 
produced in the nearby carbon by PS secondaries, while 
the third V° particle actually arrived from the primary 
event. This view is supported by rather large angular 
openings of the first two decays (68° and 30°), charac- 
teristic of low V° energy, and the small angular opening 
of 3.2° of the third V° particle. For the proton-meson 
decay scheme, the latter angle would indicate a V° 
energy most probably greater than three times the rest 
energy, so that the relativistic time dilation helps to 
account for the long path before decay. 

This interpretation supports the measurements of 
Shelton, Wanlass, and Leighton,'® who find that PS 
secondaries also produce V° particles, and suggest that 
the majority of V° particles are produced by mesons. 

An estimate of the cross section for V° production by 
PS secondaries in carbon is simply made on the basis 
of these two events. With 34.2 g/cm* of carbon ab- 
sorber, 832 penetrating particles were observed in the 
chamber. If the apparatus detected all V° particles 
produced by these particles, the mean free path is 
14000 g cm™, or about 230 times the geometrical. 
However, the detection efficiency certainly is lower 
than unity because of the decays occurring outside of 
the chamber. The distance from the center of the carbon 
to the top of the chamber is 20 cm, or more than twice 
the mean decay path (at velocity c). A reasonable 
estimate of the detection efficiency is thus e~?=0.14, so 
that the production cross section becomes 1/30 of the 
geometrical. Bearing in mind that the low energy 
secondaries probably do not contribute to this process, 
it is strongly suggested that energetic m-mesons produce 
V° particles in carbon with a cross section equal to an 
appreciable fraction of the geometrical cross section. 

The author wishes to thank Dr. O. Piccioni for many 
helpful discussions throughout the course of the work. 
Dr. R. L. Cool, Dr. W. L. Whittemore, and Dr. E. C. 
Fowler aided greatly with discussions of cloud-chamber 
techniques. The Edgerton arcs and the cameras were 
obtained through the kind cooperation of Dr. R. P. 
Shutt and his group at Brookhaven National Labora- 
tory. Some of the circuits used had been built by Mr. 
C. S. Kemic. Thanks are due Dr. T. H. Johnson and 
Dr. J. C. Boyce for their encouragement and interest 
throughout the experiment. 
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The Thermal Expansion of Solids 
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Under appropriate conditions, the thermal expansion of a solid is closely related to the Griineisen pa- 
rameter y. This in turn may be derived from the variation of the characteristic frequency of the lattice 
with volume. If, however, this variation is calculated from the usual expressions for the velocity of sound 
in solids at zero pressure, the y does not agree with that predicted from lattice theory, and an anomalous 
thermal expansion is predicted for a solid with a purely harmonic atomic potential 

General expressions for the dependence on volume of the velocity of plane waves in one-, two-, and 
three-dimensional lattices are obtained, and hence the corresponding Griineisen y’s. The three-dimensional 
y differs by a numerical constant from that used by Slater. All three expressions are now consistent when 


applied to a body with a purely harmonic atomic potential and predict no thermal expansion. 


[' it is possible to express the specific heat at constant 
volume of a solid as {(7/0), where © is a function 
only of volume, then, as was shown by Griineisen, the 
thermal expansion coefficient @ is given by 
a=7Cyx/V, (1) 


where y= —d log0/d logV and x is the compressibility. 
This is, in fact, equivalent to assuming that the fre- 
quency v, of each normal mode of vibration of the solid 
has the same volume dependence, y~1/V. 

Although the small vibrations of any lattice may in 
principle be resolved into its normal modes, such a 
calculation is in general a cumbersome procedure. In 
Debye’s theory of specific heats these are therefore 
replaced by the appropriate number of normal modes 
of a three-dimensional continuum. 

For a linear lattice, however, the normal modes and 
dispersion are well known, and we shall first consider 
this case. In an infinite linear chain of identical particles 
of mass m separated by a distance 8, in which only 
nearest neighbor interaction is considered, the velocity 
of waves of length \ and frequency v is given by the 
expression! 


0°u/dr?\ 4 sin(rb/d) 
r=r=0(- — “) -—————-, for 


m mb/d 


in which the energy of interaction between two parti- 
cles, u, depends only on their instantaneous mutual 
separation, r. There is thus a limiting frequency, 


1/0°u/dr\ 
ee , 
T m 


which may be used to characterize the spectrum of 
frequencies. If, however, more than nearest neighbor 
interaction is envisaged, it is no longer possible to 
represent the spectral behavior by a limiting frequency. 


A226, (2) 


From Eq. (3), 
l du” /al 


d logvm 
i “y (4) 


d logl 7 oe 


* National Research Laboratories Postdoctorate Fellow. 
! L. Brillouin, Wave Propagation in Periodic Structures (McGraw- 
Hill Book Company, Inc., New York, 1946), Chap. IV. 


where / is the length of the chain, and we have written 
u”’ for &u/dr’. 

For the one-dimensional continuum, moreover, the 
velocity of longitudinal waves (the only kind of vibra- 
tion logically possible in one dimension) is 


v= (E/p)}, (5) 


where E£ is the elastic modulus of the continuum and p 
its mass per unit length. Thus, the frequency corre- 
sponding to a wavelength X is 
v=)—(E/p)}, (6) 
and so 
l dE/al 
{= -- 


2 E 


This is quite equivalent to Eq. (4) for a linear chain 
and, in particular, it vanishes if E is strictly constant. 

The behavior of a two-dimensional lattice is already 
too complex to be capable of brief calculation. However, 
the velocity of propagation of plane waves in, say, a 
monatomic triangular lattice with nearest neighbor 
interactions may readily be evaluated for certain 
particular directions, and the calculation could in 
principle be extended to any arbitrary direction. The 
results again indicate that the velocity depends on wu” 


in the form 
u’\? sinwb/d 
v= to ~) ———, (8) 
m ab/r 


where b is now a lattice parameter dependent on the 
direction of propagation, and & is a geometrical constant 
depending on the direction of the wave and its type 
(i.e., longitudinal or transverse). 

This leads directly to a value of +: 
A &@P/dA? 


4 2 OP/dA 
(for P=0), (9) 


d logvm Lau”/al = 3 


d logA a a 


where / is now a linear dimension of the lattice, P is the 
force/unit length, and A is the area of the lattice. 
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For the corresponding two-dimensional continuum 
the formula for the velocity usually quoted in texts is 


Co 
V= ee 
p(1+e) 
where x=—AOP/dA, p=M/A, and oa is the two- 


dimensional Poisson’s ratio. If this expression is then 
used to derive y, one gets 


(10) 


1 A @&P/dA? 
y iaaadinias eater EA (11) 
a a aP/aA’ 


using the fact that o (the limiting value of Poisson’s 
ratio for small deformations) in a monatomic lattice 
does not change with a homogeneous areal change.’ It 
will be seen that this does not agree with Eq. (9). 
Moreover, if the continuum is to correspond to a lattice 
in which the atoms oscillate purely harmonically L[i.e., 
the atomic potential is the form u« (r—ro)* ], then the 
total internal energy U» at absolute zero (Roberts,® 
Slatert) must have the form 


Uy« (Ai—A,)*; 
and hence, for 7-0 from Eq. (11), 
—_ 1 31 
¥=—3ti=2 
The predicted thermal expansion thus presents a 
dilemma, since for a purely harmonic atomic potential 
no atomic mechanism is present to produce such an 
expansion. 
These difficulties persist in the case of a three- 
dimensional continuum where (see Slater®) a value for 
the Griineisen parameter, 


2V ev 


3 2 ap/aVv’ 


(12) 


is then predicted, and an ideal harmonic body with 
Uo= (Vi—Vol)?, 

would then have 
y= —$+1=}. 


The error arises from the use of formulas for the 
vibrational velocity which are in fact only valid when 
P=0, and p=O in the two-dimensional and _three- 
dimensional cases, respectively. 

The correct expressions follow at once from the fact 
that the velocity of “plane”? waves in a monatomic 
lattice of any dimensions with nearest-neighbor inter- 
2 Indeed, under these conditions, for any given axis in the 
lattice, the ratio of the differential orthogonal displacements is a 
purely "geometrical constant dependent on the specific lattice type. 
. K. Roberts, Heat and Thermodynamics (Blackie and Son, 
London, 1951), pp. 534-5. 

Slater, Introduction to Chemical Physics (McGraw-Hill 
Book Steet Inc., New York, 1939), p. 212. 
5 See reference 4, p. 239. 
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action is always of the form 


va l(u’’/m)}, 


where / is the lattice constant and u the interatomic 
potential. 

Alternatively, by extending elasticity theory to the 
case of small deformations under a finite applied 
pressure, it is readily shown that for a three-dimensional 
solid the instantaneous Young’s modulus is related. to 
the bulk modulus by 


E=3(1—20){Vap/0V+3p}. 


Either mode of attack then yields 


(13) 
v«l(—dF/dl)}, (14) 
v« A(—dP/dA—P/2A)!, 
ae 
ap/V)!. 
These expressions evidently reduce to the conventional 
formulas for the particular case of zero “pressure.” 
However, when differentiated to yield y, we now have 
or 
2 OF /¢ 


(15) 


v« V(—dp/aV— (16) 


(17) 


(18) 


3.«A hadidl 0A*—3P/4A? 
mt | 


2| aP/aA+P/2A 


y=-1 (19) 


0° p/dV?—10p/9V? 
Op/OV+2p/3V | 


which for zero “pressure” reduce to 


l &F/ar 


2 aF/ ‘al’ 


3.A [#P 0A? 
; (see Eq. (9)) 


4 21/ aP/aA 


V(@p/av? 
y=-1--|—_|, 
2 Op/aVv 


“body” of n dimensions, 


3sn—-1 Lia 
oe 
2\ n 2 


dP/IV 


and fora 


| 


where & and V are the generalized pressure and volume, 

respectively. If now these expressions are applied to the 
case of “bodies” with purely harmonic potentials, y 
(and hence the expansion coefficient) is always zero, 
as we should expect. 

So long as we consider only equations of state at 
absolute zero, the derivatives 0p/0V and 0°p/dV? are 
determined without ambiguity, since then the p, V 
relationships only involve purely mechanical quantities. 
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In general, however, these derivatives must be evalu- 
ated under the physical conditions obtaining when a 
sound wave is propagated through the body. For 
example, at low enough temperatures a perfect infinite 
lattice without impurity will have a thermal conduc- 
tivity tending to infinity. Consequently, the changes 
which occur during the propagation of a sound wave will 
be isothermal, and (dp/0V),7 is the appropriate deriva- 
tive. At higher temperatures, however (and this will 
usually include room temperature),the processes will be 
practically adiabatic so that (@p/0V)s should be 
eraployed. 

At intermediate temperatures the conditions for the 
first derivative will be neither isothermal nor adiabatic 
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but lie between. Then within the limitations of the 
theory 0p/0V, and hence the wave velocity and 9, 
depend only on the volume. Under these circumstances, 
the second differentiation with respect to volume 
presents no ambiguity, 

Comparing Eq. (22) with Eq. (12), it follows that 
Slater’s values® based on experimental p: V data must 
be diminished by 0.33. This correction then slightly 
improves the over-all agreement. 

This work forms part of a general investigation of 
the effects of anharmonicity on the thermodynamic 
properties of simple solids and the electrical resistance 
of metals. 


6 See reference 4, pp. 393, 451. 
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Exact solutions for the scattering of a fast particle by two heavy scatterers are obtained and compared 
with the usual treatment of the impulse approximation in which multiple scattering is neglected. It is 
found that the multiple scattering qualitatively changes the solution except in the extreme Born approxi- 
mation limit. The methods developed are applied to the isotopic spin dependent, but spin independent, 
scattering of mesons in the deuteron. It is found that if high energy scattering is assumed to be in the 


isotopic spin ) 
larger than 45 degrees, 


I. INTRODUCTION 


HE impulse approximation! * has been developed 

to deal with the scattering of a fast particle by a 
system of heavy scatterers where the motion of the 
scattering centers can be neglected during the scattering 
process. This approximation leads to simplified theo- 
retical evaluations of many processes and has been 
applied in particular to a variety of phenomena in 
deuterium.’ In these applications, it has been argued 
that multiple scattering effects can be neglected if the 
free-particle scattering amplitudes are small compared 
with the deuteron radius. It will be shown, however, 
that this criterion is incorrect and that the neglect of 
multiple scattering is valid only in the limit where the 


* This work was done in part while the author was a visiting 
physicist at Brookhaven National Laboratory during August and 
September, 1952. The hospitality of this laboratory is gratefully 
acknowledged. This work was also supported in part by a grant 
from the National Science Foundation. 

1G. F. Chew, Phys. Rev. 80, 196 (1950). 

2G. F. Chew and G. C. Wick, Phys. Rev. 85, 636 (1952). 

4(. F. Chew and M. L. Goldberger, Phys. Rev. 87, 778 (1952). 

4Fernbach, Green, and Watson, Phys. Rev. 82, 980 (1951); 
B. Segall, Phys. Rev. 83, 1247 (1951); W. B. Cheston, Phys. Rev. 
85, 952 (1952); Y. Fujimoto and Y. Yamaguchi, Prog. Theoret. 
Phys. 6, 166 (1951); G. F. Chew and H. W. Lewis, Phys. Rev. 
84, 779 (1951); Isaacs, Sachs, and Steinberger, Phys. Rev. 85, 
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} state, a considerable depression in the total cross section can be expected for phase shifts 


Born approximation is valid for the single scattering 
center, leading otherwise to qualitatively incorrect 
results. The exact solutions, in the framework of the 
impulse approximation, will be discussed first for the 
simple case of S-state scattering and secondly in the 
case of P-state meson scattering. In the latter case, 
spin independent but isotopic spin dependent scattering 
will be considered. 

We shall not discuss the validity of the impulse 
approximation as such, since this has been discussed in 
detail particularly by Chew and Wick,? and by Chew 
and Goldberger.’ We shall also not attempt to consider 
the effects of scatterings which do not conserve energy 
since, although such processes undoubtedly give cor- 
rections to the impulse approximation, they are distinct 
from the effect we wish to consider here. 

The methods developed here will be applied to the 
evaluation of spin dependent scattering and to photo- 
mesonic phenomena in a forthcoming paper. 


II. THE IMPULSE APPROXIMATION FOR 
S-STATE SCATTERING 


We shall consider this very simple case to illustrate 
the consequences of an exact treatment of the impulse 
approximation. For the case of S-state scattering from 





MULTIPLE SCATTERING 


a two-body system with heavy point scatterers at ra 
and rg, the wave function for the system is 


Aetkit-tal Be**\t—ta!l 
a 


(1) 





¥(r) = etko-rt 


Tv ’ 
|r—ra| |r—ra| 


which is the general solution to the wave equation 
outside the range of the scatterers. The outgoing 
amplitude A is related to the total wave amplitude at 
ra by the equation 


Betkita- rp 
A=na (e+ ), (2) 


|ra—Ta| 


where kn4=exp(i6a) sinds, and similarly for B. The 
resulting equations are easily solved and give for the 
amplitude of the outgoing wave, where for simplicity 
we have set n1=ns=7 and R= |r4—rzl, 


eikR 


f(0) = [eos “TAL ei(kO—ke) 1B) +. i uaaiiedial k-rp) 


eteneu) [1 9R(e4t/ RICA, (3) 


To obtain the total cross section, we make use of the 
theorem! relating the total cross section to the forward 
scattering amplitude, 


Stotai=4aAlm f(0), (4) 
and obtain 


Frotal= 2oo[1+sinx sin(x+26)/x?+siné sin(2x+-6)/x? 
+sin’6 sin’x/x* ][(1—sin?6/x*)? 
+4 sin®6 sin?(x+6)/x?}-', (5) 


where we have averaged over the angles of R and 
introduced x=kR and oo=47rX’ sin’. We now note 
that in the limit 6-0, 


Stotal= 2a0(1+sin?x/x’), (6) 


which is the prediction of the impulse approximation if 
multiple scattering is neglected. This limit is correct, 
however, only if 6-0 and not if R= ; i.e., even for 
widely separated scatterers, the neglect of multiple 
scattering is valid only if the Born approximation is 
applicable to the free particle case. This is particularly 
apparent if we take 6=90° which leads to a cross 
section less for all values of R than the sum of the free 
particle cross sections, in striking contrast to the Born 
approximation result. Another interesting limit is for 
R—O where, for arbitrary 6, 

Orota= 8aR?. (7) 
A plot of the total cross section as a function of x, for 
various values of 6, is given in Fig. 1. It is apparent 
that the exact solution deviates rapidly from the Born 


5 B. A. Lippmann and J. Schwinger, Phys. Rev. 79, 481 (1950). 


CORRECTIONS 
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Fic. 1. S-wave scattering by two heavy point scatters, as a 
function of R/A; RK is the separation of the scatterers, A the 
wavelength. The ratio of the cross section to the sum of the 
free-particle cross sections is given. The phase shifts for the two 
particles have been assumed to be equal. 


approximation result even for rather small values of the 
phase shift. A qualitative feature of importance is that 
the interference is negative for all values of R for phase 
shifts somewhat larger than 45°. 


III. MESON SCATTERING 


We shall restrict ourselves to the consideration of 
isotopic spin dependent P-state scattering. This is the 
prediction of pseudoscalar theory with pseudovector 
coupling and also is in approximate agreement with the 
experimental results. We shall not, however, consider 
spin-dependent scattering since the present experi- 
ments,® while they do not fix the spin dependence 
unambiquously, suggest that the spin dependence is 
weak. The spin dependence can be included in a 
straightforward way, but the resulting equations are 
considerably more difficult to solve than the simpler 
case we shall consider. As a consequence of this neglect, 
our results will not exactly relate to the actual case of 
meson scattering but will serve to illustrate the effects 
of interest. 

For a single scatterer at ra, the wave function is 


Y= o—thA- 9 (e*!t-841/|r—r,4|), (8) 


which is a general solution of the wave equation, outside 
of the region of interaction, for P-wave scattering alone. 
The amplitude A is related to the incoming wave Yo by 


A= —th®T Vo, (9) 
where 


T,=aU*-U+abe,-U*XU (10) 


6 Anderson, Fermi, Nagle, and Yodh, Phys. Rev. 86, 793 (1952). 
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3 
Fic. 2. P-wave isotopic spin } scattering of mesons by two heavy 


point scatterers (neutron and proton). 


is the most general isotopic spin dependent operator. 
The operators U;* and U; create and annihilate the ith 
component of the meson wave, ta is the usual isotopic 
spin operator. The coefficients @ and 6 are related to 
the phase shifts for the isotopic spin } and } states’ by 


b=—m+m, (11) 
where .= exp(id,) sind,. The asymptotic form of y is 


¥~ot f(O)e*"/r, (12) 


a= 2ny+ hy 


where 


f(0)[3% cosé | 
=, 
= (ny+2n;)/3, 
= (2ny+7)/3, 
= 24(my—,)/3, (13) 


The notation (P+, P+) means r+ mesons on protons, 
etc. 

With this as an introduction, we consider next the 
case of two scatterers at r4 and rg, for which the wave 
function is 


v= ot (h/i)LA- vy (elt r4l/|r—r4]) 
+B-y (ei*lt-#41/|r—rp|) J. 


Yo describes the initial state of the systems and has the 
form 


(P+, P+), (N-,N-—) 
- ’ P—), (N+, N+) 
(V0, NO), (PO, PO) 
(NO, P—), (PO, N+). 


(14) 


Yo= etko-Ffy, (15) 


7 For a more detailed development of the theory of the isotopic 
spin, see W. Heitler, Proc. Roy. Irish Acad. 51, 33 (1946); K. M. 
Watson, Phys. Rev. 85, 892 (1952); and K. A. Brueckner, Phys. 
Rev. 86, 106 (1952). 


where ky is the momentum of the incoming wave and 
fy is an isotopic spin function specifying the initial 
charge state. 

The amplitudes A and B are related to the total wave 
amplitude at r4 and rg by the equations 


h h 
A= NT, -o| vot B- V (eitlt - ral /|r—rp| | 
1 1 r=TAy 


(16) 
h h . 
B= WT y_¥| ut -A-y (ettl® ral/|r—ra|) 
1 


4 r=rpB 


The asymptotic form then is 


V(r) = Pot h(A-ke~*44+ B-ke-‘*'4)e*r/r, (17) 
To obtain the total cross section, we again make use of 
the theorem relating the cross section to the imaginary 
part of the forward amplitude. Since only the diagonal 
part contributes, we need not consider the charge 
exchange process in the total cross section since it is an 


TABLE I. Total cross sections for meson-deuteron scattering 
under the assumption of P-state scattering in the isotopic spin 
§ state. The wavelength is given in units of the meson Compton 
wavelength. The energy is in the laboratory system and is based 
on the assumption that the system in which the nucleons are 
assumed to be infinitely heavy is the correct center-of-mass 
system for the meson and one nucleon. ay is the sum of the free- 
particle cross sections, oBorn is the prediction of the Born approxi- 
mation calculation (neglecting multiple scattering), oexact 1s the 
result of the exact treatment of the multiple scattering. The 
cross sections are given in millibarns. 


A E bay2 of 


1.000 
0.833 
0.714 
0.556 


* Born Fexact 


81 Mev 20° 90 113 144 
113 Mev 30° 178 218 153 
150 Mev 45° 261 288 236 
220 Mev 90° 315 340 246 





off-diagonal process. We cannot, however, neglect the 
charge exchange processes in computing the values of 
A and B, as will be apparent in the following. 

To solve the equations for A and B, we first write 
them in the more convenient form, 


h R 
A=W 4 ikoda(ra)+B/(R)+B- Rel} 
1 


(18) 
h 
B=i' “To ikon) + Af(R)+ A Re(A) | 
1 2 


where 


1d /e* df 

wp(R)=-—(—), s(R=2— (9) 
xdx\ x dx 

Let us now restrict our attention to the scattering of a 

a* meson by a deuteron. In this case the initial system 

is an isotopic singlet nucleon state and a w+ meson: 

Under the action of the operators 74 and 7, the system 
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will undergo transitions to an isotopic triplet state.’ We 
can therefore take these two states as the basis vectors 
for a matrix representation of the operators T'4, Tp. 
Calling the initial state (1) and the second state (2), 


we then have 
a 24d a —24b 

ra=( ), Ta ( ). (20) 
24b a+b —24b atd 


The two coupled equations of Eq. (18) can first be 
solved, after multiplying by R, for the matrix elements 
of A-R and B-R. These can then be substituted into 
the vector equations to give a solution for A and B. 
In computing the total cross section, as remarked 
above, we need consider only the elements of A and B 
corresponding to direct scattering, ie., A, and B,. 
Straightforward evaluation leads to the result that 


1 sinx 
Srotal = 84d? Im—} a+ gi— f(a?— 2?+ g2) — 
Pi x 
1 g 
+ -—[gs—e(a?—2b6?)—gye]}, (21) 
p2 








4 


4 








Fic. 3. P-wave scattering by two heavy point scatterers 
(neutron and proton) with 8)= 10°, 5;=—7°. 


where h= f+g. The functions f, g, 4 are now to be con- 
sidered to be dimensionless functions of x=1/X alone. 
The quantities p1, p2, g1, £2, £3, ga include the effects of 
the multiple scattering; they are, in general, extremely 
complicated function of a, 6, f, and 4. If the phase shifts 
go to zero, then the p’s become equal to one and the 
g's go to zero. For the special case of scattering in 
the isotopic spin } state (with a= —2b), they reduce 
to p=1—-Pf, pp=1—PR, g:=g2.=0, gs=2b*(f+h), 
gs= (1+0?fh)2b?. In this result, we have averaged over 
the angles of R and introduced the symbol 


1 
rea f we'*dy. (22 
~i 


§ The isotopic spin wave function for this state is 
24 (coy'ty9— wy"), 


where ¢,” is the triplet spin function and w,” is the meson wave 
function. 
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TaBLE II. Total cross sections at 60 Mev. The phase shifts 
have been taken to be 63=10°, 5;=—7°, giving total cross 
sections for r* mesons on protons and neutrons of 32.2 mb and 
21.4 mb, respectively. The units are the same as for Table I. 


E *Born “exact 


36.7 


30.9 


60 Mev | 








Let us first consider this result in the limit Roo. 
We find for the sum of the free particle total cross 
sections 

o7=8rX*Ima 


= 8rX?(2 sin?d4+sin75;), (23) 


which agrees with the sum as given by Eq. (13). 
Next we consider the Born approximation limit. 
Here we find, as a, b—0, 


Ototal= 84X71 m[a— (a?— 26") (f sinx/x+ eg/3) ] 


(2 sin?6;+8 sindy sind,—sin’s,) 
=C7 a= coe aa sti 
(2 sin*6y+ sind) 
fsinx eg 
xIm( ——-+ )| (24) 
E a 


This result is easily shown to be identical with the 
usual result in which multiple scattering has been 
neglected. The angular integral encountered in the 
usual evaluation is 


d& rdQe 
uff (ko: k)2e#(*o k)-R 
mJ 44 


which is equal to 


—Im( f(x) sinx/x+ eg(x)/3), 


(25) 


(26) 


with f and g defined in Eq. (19). Again it is clear that 
this limit is valid only in Born approximation and is 
not approached as a limit for large R when the plane 
shifts are not small. 

These results, of course, break down for small R 
since the meson-nucleon interaction is of finite extent, 
modifying the wave function of Eq. (14) for small 
distances. This is in addition the region where the 
impulse approximation is particularly bad, since it 
corresponds to high velocities for the nucleons. The 
process of meson absorption is also associated with 
small nucleon separation. These effects all will tend to 
lead to a finite contribution to the total cross section 
from the region of small R. Although this region is of 
small importance for a reasonable choice of the deuteron 
wave function, the uncertainties in its treatment lead 
to the largest uncertainties in our results. 


IV. EVALUATION OF THE TOTAL CROSS SECTION 
FOR DEUTERIUM 


We consider in detail two cases for which the phase 
shifts are known or can be deduced with some certainty 
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from the experimental data. At high energies, it is 
known® that the total cross sections are approximately 
in the ratio ofP+, P+):0(P—, P—):0(NO, P—) 
=9:1:2. This fixes the scattering predominantly in the 
isotopic spin } state. Accordingly we set 6;=0 in Eq. 
(21). The resulting total cross section is given in Fig. 2 
as a function of x= R/X for various values of the phase 
shift, showing the rapid departure of the cross section 
from the Born approximation result in which multiple 
scattering is neglected. It is noteworthy that the net 
interference effect is negative for phase shifts larger 
than 45°, in striking contrast with the Born approxi- 
mation result which gives positive interference for all 
values of the phase shift. 

To evaluate the cross section in deuterium, it is now 
only necessary to average the cross sections, given in 
Fig. 2 as a function of R, over the deuteron wave 
function. For this we assume the Hulthen wave function 


flee") aB(atB) 7 
ee 


r 


- (27) 
21(a—)* 


We need also associate a specific wavelength with the 
various values of the phase shift. We shall assume 
values which are in approximate agreement with the 
total cross section measurements of Fermi et al.6 The 
values of the wavelength, laboratory system energy, 
phase shift, free particle cross sections, the Born 


approximation prediction, and the prediction with the 
multiple scattering properly taken into account, are 
given in Table I. It is apparent that as the phase shift 
passes 45°, one can expect a depression of the total 
cross section in deuterium relative to the free cross 
section. This is in qualitative agreement with the 
preliminary experimental results of Fermi. 

Another measurement by Isaacs, Sachs, and Stein- 
berger* at 60 Mev gives a ratio of the (+, proton) total 
cross section (28 mb) to the (m7, proton) total cross 
section (18 mb) of about 1.6, and a deuterium cross 
section for r* mesons about equal to the proton cross 
section alone. If we take at this energy phase shifts of 


9 Anderson, Fermi, Nagle, and Yodh, Phys. Rev. 86, 413 (1952). 
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10° and —7° for the isotopic spin } and } states, 
respectively, the resulting total deuterium cross section 
as a function of x= R/X is given in Fig. 3 together with 
the Born approximation result. The exact and approxi- 
mate results agree fairly well except at small x where 
the multiple scattering is important. Averaging these 
over the deuteron wave function gives us the results 
tabulated in Table II. The multiple scattering does not 
charge the result qualitatively; however, it increases 
the interference from 19 millibarns to 25 millibarns to 
give a deuterium cross section which is less than the 
(+, proton) cross section alone. 


Vv. CONCLUSIONS 


The multiple scattering corrections to the impulse 
approximation have been evaluated in the case of two 
heavy scatterers for a simple example of S-wave scat- 
tering and for the isotopic-spin dependent P-wave 
scattering of mesons. The results show that the multiple 
scattering can be neglected only if the Born approxi- 
mation is applicable to the free particle cross sections. 
Evaluation of meson scattering for the deuteron under 
the assumption of isotopic spin 3 scattering leads to the 
conclusion that considerable depression of the total 
cross section relative to the free particle cross sections 
can be expected for phase shifts larger than 45°. 
Application to the case of scattering at 60 Mev where 
the cross sections are small, with the isotopic spin 3 
and } phase shifts 10° and —7°, respectively, show 
that the multiple scattering considerably enhances the 
destructive interference to give a deuterium cross 
section 58 percent of the sum of the free particle cross 
sections and less than the (proton, +) cross section 
alone. The results are approximate principally in that 
off-the-energy-shell scattering has been neglected, and 
the impulse approximation assumed. 

The author is indebted to Professor L. L. Foldy, who 
pointed out the simple method for obtaining an exact 
solution to the two-body scattering problem which is 
developed here. The author is in addition grateful to 
Professor Robert Serber, Professor Geoffrey Chew, and 
Professor Kenneth M. Watson for valuable discussions. 
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Seven nuclear reactions have been examined where the angular distribution of reaction products depends 
on the type of coupling of angular momentum vectors in the nucleus. In six of the seven, the experimental 
angular distribution is consistent with the assumption of Russell-Saunders coupling in the nucleus. In 
three of the seven, the experiments are consistent with the assumption that the bombarding particle brings 
a definite 7 in the reaction. Neither assumption is sufficient to explain the result in one reaction (B"+ P). 


I. INTRODUCTION 


ONSIDERABLE use has been made, in nuclear 

reactions, of angular distributions and angular 
correlations to establish the total angular momenta and 
parities of nuclear states. In some cases, however, such 
determinations are hampered by the appearance of 
parameters in the calculated angular distribution which, 
for definite total angular momentum and parity, lead 
to a continuous range of possible angular distributions 
or angular correlations. In fact, such undetermined 
angular distributions are found whenever three (or 
more) nonzero angular momenta must be added to 
give a fourth and the resultant can be reached in more 
than one way. Geometrically we may think of a four- 
sided polygon with given lengths for the sides: if the 
lengths are such that the structure is flexible, then the 
angular distribution will be incompletely determined 
by the given angular momenta. In a typical example, 
the three angular momenta may be the angular mo- 
mentum of the target nucleus, the intrinsic angular 
momentum of the bombarding particle, and the orbital 
angular momentum of the bombarding particle; these 
must add together to give the angular momentum of 
the (resonant) compound nucleus. 

Where possible, it is customary to combine the sev- 
eral angular momenta in such a way that the result 
can be expressed as an incoherent mixture (with arbi- 
trary relative weight) of two distribution functions 
which then represent the extreme possible distributions. 
Thus, if the arbitrariness arises from nonzero intrinsic 
angular momenta (/) of bombarding particle and target 
nucleus and nonzero orbital angular momentum (/) of 
bombarding particle in the angular distribution of a 
resonance reaction using unpolarized beam and target, 
then the intrinsic J’s of bombarding particle J; and 
target nucleus J) may be added to form a “channel 
spin” Je: Jot+Ji=J., where |Jo—Ji|<J-<Jot+J:. 
The angular distribution will then have an arbitrary 
parameter if the J of the compound nucleus can be 
formed by adding / to more than one of the possible 
values of J.. The angular distribution can be calculated 
uniquely for each J, and the various results combined 
with arbitrary weight. Since the calculation involves 


* This work was supported by the joint program of the U. S. 
Office of Naval Research and the U. S. Atomic Energy Commission. 


summing the squared amplitudes for the spin states of 
both particles, one may add the spins first to form the 
“channel spin” and then sum the squared amplitudes of 
the states of this quantity with no interference between 
different channel spins. The same procedure can be used 
when the residual nucleus and particle have nonzero J 
and /; a “channel spin” J.’ may be formed out of the 
J; of the residual nucleus and J of the emitted particle 
and the various distribution functions calculated for 
each J,’ and combined with arbitrary relative weight. 

In the case of electromagnetic radiation, where such 
ambiguity is also possible, as in cases where both elec- 
tric quadrupole and magnetic dipole radiation are 
permitted, it is customary to allow for the arbitrariness 
by means of a coherent mixture described by an ampli- 
tude mixture with an arbitrary complex parameter. In 
the case of an ambiguous angular correlation arising 
from emission of particles with intrinsic angular mo- 
menta there is no advantage in the channel spin method ; 
it is usually most convenient to add the / and intrinsic 
angular momentum of the emitted particle to form 
several 7 values which must then be combined coher- 
ently with arbitrary relative amplitude and phase to 
describe all possible results. 

This arbitrariness in a calculated distribution func- 
tion is, of course, just a result of our ignorance of the 
nuclear wave functions. The results would be uniquely 
determined by complete knowledge of the wave func- 
tions involved. It follows that, if we know the J’s and 
| appropriate to a certain reaction, the actual observed 
angular distribution, if not uniquely calculated, tells us 
additional facts concerning the nuclear wave functions. 
The assumption of Russell-Saunders coupling (i.e., that 
states are describable by L, S, and J, each conserved) 
is usually sufficient to resolve the ambiguity and give 
unique predictions of angular distributions for definite 
L, S, and J. Or, again, the assumption that a bombard- 
ing (or emitted) proton or neutron interacts with a 
single definite 7 out of the two possible values /+3, 
instead of a coherent superposition of the two, is suffi- 
cient to lead to unique angular distributions. These two 
assumptions are, of course, closely related to possible 
nuclear models, i.e., the Russell-Saunders coupling 
shell model and the 7—j coupling shell model. It is 
thus of interest to examine whether the results of 
angular distribution and angular correlation experi- 


839 





840 R. F. 


ments, which are left uncertain by knowledge of the 
J’s involved, agree with either the L—S or the j—j 
calculations. 
II. EXPERIMENTAL EVIDENCE ON ANGULAR 
LISTRIBUTIONS 


A. T(p,y)He! 


The radiation is quite accurately sin’6.' It is assumed 
that a single (broad) state of He is involved, although 
examination of the y-yield itself is not sufficient to 
establish this fact (examination of the neutron yield 
lends some support to this view; analysis of the scatter- 
ing phases should be more decisive). The radiation can 
be described as due to p-wave protons (/=1) forming 
a J=1~ state in Het which radiates by electric dipole 
to the ground state of He’. 


“Channel spin” calculation 

Channel spin J, y-ray angular distribution 
0 sin?@ 
1 1 +-cos?6 


The general distribution is 1+ A cos?@, where —1<A 
<1. The experimental result corresponds to J,=0 with 
zero admixture of J,= 1. 
j—j calculation 
Incoming proton y-ray angular distribution 
py spherical—a general 
result for j7=4 
py 1—? cos*6 
L—S calculation 
Angular distribution 


1—cos?0 
1+-cos?0 


Triton ground state Compound state 
2S} 1p, 
25, ap, 

We see that the observed angular distribution can 
not be described by the capture of either a py2 or psy 
proton. On the other hand, if the assumption of reso- 
nance is valid, it is consistent with a L—S description 
where the ground state of T is *S\;2 and the compound 
state of He‘ is 'P:. 


B. Li?(p,y)Be* 


The requirements of spherical symmetry? for the 
y-rays, and p-wave protons to explain the scattering,’ 
can, as Devons? has pointed out, be reconciled with 
p-wave protons forming a compound state in Be*® with 
J =1+* and a certain mixture of channel spins 1 and 2 in 
the ratio 1 to 5. This mixture of channel spins results in 


440-Kev Resonance 


1 Argo, Gittings, Hemmendinger, Jarvis, Mayer, and Taschek, 
Phys. Rev. 76, 182 (1949) ; Argo, Gittings, Hemmendinger, Jarvis, 
and Taschek, Phys. Rev. 78, 691 (1950); J. Perry and S. Bame, 
private communication. 

2S, Devons and G. R. Lindsey, Proc. Phys. Soc. (London) 
A63, 1202 (1950); M. B. Sterns and B. D. McDaniel, Phys. Rev. 
82, 450 (1951); Nabholtz, Stoll, and Waffler, Helv. Phys. Acta 
25, 153 (1952). 

3 Brown, Snyder, Fowler, and Lauritsen, Phys. Rev. 82, 159 
(1951); W. D. Warters and E. A. Milne, Phys. Rev. 85, 761 
(1952); E. R. Cohen, Phys. Rev. 75, 1463 (1949); Ph.D. thesis, 
California Institute of Technology, 1949 (unpublished); D. 
Liberman, private communication. 
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fact in equal population of the magnetic substates of 
the compound state so that all processes will proceed 
with spherical symmetry. The question here is, does 
this spherical symmetry (which appears accidental from 
the point of view of channel spin) arise naturally in 
some othe~ description such as j—j or L—S. In fact, 
it does. It is easy to see that the assumption that the 
proton is py2 also leads to spherical symmetry since 
j=} cannot lead to any cos’@ terms. On the L—S 
description, the ground state of Li’ is ?P3/2 so that the 
compound state could be 'P;, #8), *P1, or *D,. Of these, 
the °S, again leads to equal population of the substates 
of the compound state and to spherical symmetry. 
Thus the observations are consistent either with the 
assumption that only p12 protons interact or with an 
L—S description where the resonance is *}. 


C. Li’(t,a@)He*®—840-Kev Resonance in Be’® 
Observed with 240-Kev Tritons 


The a’s leaving He® in the ground state are dis- 
tributed as 1—A cos’*@ with A~1, whereas the a’s 
leaving He® in its 1.7-Mev excited state are nearly 
spherical.‘ 

It seems reasonable to ascribe this resonance to p- 
wave tritons on Li’ forming a compound state of Be'® 
with J=2, even, which emits d-wave a’s to the ground 
state of He® and (predominantly) s-wave a’s to the 
excited state of He®, assumed to be J = 2, even. On this 
basis we make the following calculations. 

The spherical symmetry of the a’s to the excited 
state follows immediately from the s-wave assignment. 
For the ground-state a’s we have the following results: 


Channel spin calculation 


“Channel spin” Angular distribution 
1 1+-3 cos?@ 
2 1—cos’6 


The general angular distribution is 1+ A cos?@, where 
—1<A<3. 


L—S calculation 


We take the ground state of Li’ as *P3,2 and the triton 
as 7S1/2; then 


Compound state Angular distribution 


1D, 1+3 cos? 
3D, 1 
3P, 1—6/7 cos?6 
The j—j calculation has no special significance since 
the triton is not a single particle. It would give the 
following: 


Incoming triton Angular distribution 


pi spherical 
pi spherical 
The observations are thus consistent with an L—S 
description where the compound state is *P2. 


* Pepper, Almqvist, and Lorrain, Phys. Rev. 86, 630 (1952). 
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D. B''(p,7)C"; B''(p,a)Be*’—Resonance 
at 162 Kev 


The experimental facts here are not entirely clear. 
For many years there have existed contradictory state- 
ments as to which groups of a@’s and which y’s were 
resonant at 162 kev, and as to whether or not they 
showed a nonspherical distribution. We will assume 
that the long-range a’s leaving Be’* in the ground state 
are resonant and are distributed as 1+-0.7 cos*0.5 We 
also assume that the 11-Mev y-ray leaving C” in its 
4-Mev excited state is resonant and is distributed as 
1+ 0.23 cos’é.6 It has been shown® that the angular 
correlation of the cascade y’s and the angular distribu- 
tion of the 11-Mev ¥ are consistent with the assumption 
that p-wave protons are responsible for a J=2, even, 
resonance in C which emits 11-Mev dipole (magnetic) 
radiation followed by 4-Mev quadrupole (electric) 
radiation. (However, another y-ray angular correlation 
experiment seems inconsistent with the a-particle re- 
sults.)’? Unexplained is the angular distribution® of the 
short-range a’s to Be® at 3 Mev, which are also reso- 
nant.® These should be largely spherical since a J=2, 
even, state of Be* could be reached by s-wave a’s. Also 
unexplained is the reported® variation with energy of 
the coefficient of cos*@ for the 11-Mev y-ray and the 
apparent absence of the 16-Mev y-ray at resonance. 


Channel spin calculation 
Long-range 
a-distribution 
1+3 cos*0 
3—3 cos’ 
2.3(1+-0.75 cos*@). 


Channel spin 11-Mev y-distribution 
1 11/4+(7/4) cos?@ 
2 47/12 —(21/12) cos’ 
(1) +(3/7) (2) 4.4(1+0.23 cos*@) 


j—j calculation 
Incoming proton Angular distributions 
g g 


py spherical 
p} spherical 


L—S calculation 


Coefficient ¢ of channel 
B" ground Compound spin 2 to add to 

state state channel spin 1 

*Py 1D, 0 

i 5D, 1 

Py 5P, y 

*Di 1D, « 

2Dy 3P, 9 

2D 3D, 25/9 

*D; Py 1/9 


None of the above agree with the apparently correct 
choice of mixing ratio, ~3/7, of the two channel spins. 
This may just be normal or it may be associated with 
the fact that B" lies almost at the middle of the p shell 

5 Haxby, Allen, and Williams, Phys. Rev. 55, 140 (1939); 
Thomson, Cohen, French, and Hutchinson, Proc. Phys. Soc. 
(London) A65, 745 (1952). J. R. Oppenheimer and R. Serber, 
Phys. Rev. 53, 636 (1938). 

6 Hubbard, Nelson, and Jacobs, Phys. Rev. 87, 378 (1952). 

7G. M. Lewis, Phil. Mag. 43, 690 (1952). 

8 W. Whaling and W. Wenzel (private communication). 
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where conflict between the j—j and L—S coupling 
models can exist. 


E. C'5(p,y) N'* —1.76-Mev Resonance 


The prominent y-ray resonance at 1.76 Mev has been 
shown’ to decay predominantly by radiation to the 
ground state of N'. The angular distribution 1—0.48 
cos*@ of these y-rays is consistent'® with the assumption 
of a J=2 odd resonance made by d-wave protons and 
emitting (electric) dipole radiation to the ground state 
of N*, 


Channel spin calculation 
Channel spin Angular distribution 
0 1—0.6 cos? 
1 1—} cos*0 
The general angular distribution is 1— A cos?0, }<A<3. 
j—j calculation 


Angular distribution 
0.5 -0s?6 


Incoming proton 
5/2 1 
L—S calculation 


Angular distribution 
0.5 cos? 


C" ground state | Compound state 
*Py af, 1 
Here the observed angular distribution is consistent 
with either a ds;2 incoming proton or a */, compound 
state, although the small range allowed to A makes the 
result rather insensitive. 


F. N'*(a,p)O" 


Proton groups leave O" in the ground (J = 5/2, even) 
and first excited (J=1/2, even) states. It has been re- 
ported" that at each of two resonances at E,= 3.6 and 
4.2 Mev the angular distribution of the long-range 
protons is ~1—cos’@, whereas the short-range ones are 
spherically symmetric. In this case the arbitrariness 
appears in the decay of the compound nucleus. Unfor- 
tunately, no simple choice of angular momentum and 
parity of the compound state agrees well enough with 
the reported facts to warrant examination of various 
coupling schemes. 


G. Li’(d,n)Be**(+)Be® 


In this reaction, a nonspherical angular correlation 
of neutron and y-ray has been reported.” Here arbi- 
trariness may appear in the correlation function because 
of the spin of the neutron. Because of this arbitrariness, 
the reported assignments of angular momenta in the 
reaction must be doubted, and there remains insuffi- 
cient certainty about the various angular momenta to 
warrant further investigation of coupling schemes. 


® Woodbury, Day, and Tollestrup, Phys. Rev. 85, 760 (1952). 

10 R. B. Day, thesis, California Institute of Technology, 1952 
(unpublished). 

u R, R. Roy, Phys. Rev. 82, 227 (1951). 

2 J. Thirion, Compt. rend. 233, 37 (1951). 
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H. N'*(p,a)C*(y)C” 


The resonances at £,=429 and 898 kev show" 
angular distributions of y-rays and a-particles that are 
consistent with Joxygen=2, odd, formed by d-wave 
protons emitting p-wave a-particles to an excited state 
of C” with J=2, even, which decays by quadrupole 
(electric) y-rays to the ground state of C”. 

The angular distributions at E,=429 kev require a 
mixing ratio of (channel spin 1)+/X (channel spin 0) 
with ‘~5. The angular distributions at E,=898 kev 
require (= 3/2. On j7—j coupling we get (= 2/3 for d32 
protons and ‘=3/2 for ds;2 protons. On Russell- 
Saunders coupling with *P 4/2 for N'® the various possible 
compound states of O'* give the following mixing ratios: 
3D», 1=6; *Fo, t=3/2; *P2, t=2/3; and 'Dz, ‘=0. The 
898-kev resonance is consistent with either a d5/2 in- 
coming proton or a */, compound state in O'*, The 


% Kraus, French, Fowler, and Lauritsen, Phys. Rev. 89, 299 
(1953). Mr. Kraus has also calculated the angular distributions 
for the reaction. 
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429-kev resonance is consistent only with a *D, com- 
pound state in O'*. 


III. CONCLUSIONS 


These calculations show that in most of the cases 
which have been examined the observed angular dis- 
tributions are consistent with the assumption that the 
states of light nuclei belong predominantly to a definite 
Russell-Saunders designation. Admixtures of up to 10 
percent of other designations could not be excluded in 
many examples, and even larger admixtures could be 
allowed if they led to vanishing matrix elements in the 
examples considered. Thus the examples considered 
provide no positive proof of the validity of Russell- 
Saunders coupling. Nevertheless, further evidence of 
this kind may afford an important guide to the type of 
coupling prevailing in nuclei. 

The agreement of the angular distributions with the 
demands of j7— 7 coupling are somewhat less satisfactory 
than with L—S coupling. On the other hand, the re- 
strictions of a literal 7—7 model are much more severe 
than those of Russell-Saunders coupling. 
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A comparison is made between Fermi’s theory and Lewis, Oppenheimer, and Wouthuysen’s theory of 
multiple meson production in high energy nucleon-nucleon collisions, and an analysis is made of some 
typical examples. The main difference between the two theories concerns the Lorentz covariance of the 
matrix element which is related, in Fermi’s theory, to the Lorentz contraction of the volume in which the 
thermal equilibrium of virtual mesons is supposed to be established, and to the Lorentz invariant phase 
volume in L.O.W.’s theory. It is reasonable to take the contracted diameter of the volume in Fermi’s theory 
to be of the order of the wavelength of the emitted meson (not that of the incident nucleon), and asa result 
both theories can explain to some extent the multiplicity and angular distribution. The main difference lies 
in the average energy of the emitted mesons in the center-of-mass system as a function of multiplicity. 


I. INTRODUCTION 


N recent experiments with photographic emulsions! 

at high altitude, some direct evidence was obtained 
for multiple meson production by the impact of very 
high energy nucleons. Most events are nucleon-nucleus 
collisions which were accompanied not only by shower 
particles but also by gray and black tracks. In these 
cases, mesons may be produced not only multiply but 
also plurally, as the angular distribution of the emitted 
mesons is sometimes much larger than can be accounted 
for in a single event. (The half-angle of the emitted 
mesons in one collision in the laboratory system is pro- 
portional to the square root of M/E*, where E* and M 
~ 1 Camerini, Fowler, Lock, and Muirhead, Phil. Mag. 41, 413 
(1950); Lord, Fainberg, and Schein, Phys. Rev. 80, 970 (1950); 
Hopper, Biswas, and Darby, Phys. Rev. 84, 457 (1951); E. Pickup 
oa L. Voyvodic, Phys. Rev. 84, 1190 (1951). 


are the energy and mass, respectively, of the incident 
nucleon before collision.) 

These events often are so complex that it is hard to 
disentangle from them in any unique way the criteria 
for truly multiple meson production. There is some 
direct evidence for multiple meson production by either 
nucleon-nucleon collision or by the collision of a nucleon 
at the edge of a nucleus which does not disturb the 
remaining nucleus. In this paper, we shall analyze the 
multiplicity and angular distribution and the average 
energy of the emitted mesons in the center-of-mass 
system for the latter case. There are two typical 
treatments of the multiple meson production by high 
energy nucleon-nucleon collisions. One was proposed by 
Lewis, Oppenheimer, and Wouthuysen (L.O.W.)? using 


~ 4 Lewis, Oppenheimer, and Wouthuysen, Phys. Rev. 73, 127 
(1948). 
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the usual weak coupling theory for pseudoscalar mesons 
with pseudovector coupling which was recalculated 
elsewhere,’ using relativistic methods, and considering 
the conservation of charge. The other was proposed by 
Fermi,4 using strong coupling and rather classical 
methods. Though objections may be raised against both 
theories, they agree rather well with the very limited 
experiments. 

In the L.O.W. theory, in order to produce mesons 
multiply, it is necessary to introduce pseudovector 
coupling between nucleon and pseudoscalar mesons. 
But in such a coupling, which contains the space-time 
derivatives of the meson potential, the divergence dif- 
ficulties of higher order radiative corrections arise 
because it cannot be renormalized. In other words, the 
singular nature of the meson cloud around the nucleon, 
which is favorable to multiple meson production, 
disturbs the correct treatment of the problem. They 
therefore made a classical treatment of the problem, 
and replaced the effect of radiative corrections by 
assuming that the total cross section was limited by 
the geometrical cross section. They assumed, first, that 
only a portion of the energy of the incident nucleons is 
transferred to the energy of the emitted mesons, i.e., 
they ignored the effect of the emitted mesons on the 
nucleon, in particular, the effect of their recoils. Sec- 
ondly, the velocity of the emitted mesons is smaller than 
the velocity of the nucleons, i.e., the collision time of 
nucleons is short compared to the period of the emitted 
radiation. Thirdly, only those components of the radi- 
ation field are considered for which these conditions are 
satisfied. These assumptions, which are essential in 
their theory, also simplify the calculations and give a 
nearly constant matrix element for production, ie., 
independent of incident energy and the multiplicity, 
except for the statistical weight of the mesons. The 
second assumption is consistent with the calculated 
results, when the energy of the incident particles is 
sufficiently high. 

It should be noted that, if we consider the higher 
order corrections, there are some intermediate states 
which violate the first and second assumptions and 
complicate the simplicity of calculation, as the matrix 
element now, besides being divergent, is also a com- 
plicated function of the incident energy. But if we could 
renormalize the high frequencies of the meson field 
which not only violate the initial assumption but also 
give the divergent difficulties, it would undoubtedly be 
found that the low frequency parts are most effective 
in these phenomena, and the total cross section for 
inelastic and elastic scattering would have the same 
magnitude as the cross section for elastic scattering 
without radiative corrections as in the Bloch-Nordsieck 
case. If the constancy of the matrix element found 


3H. Fukuda and G. Takeda, Prog. Theoret. Phys. 5, 957 
(1950); Fujimoto, Fukuda, Hayakawa, and Yamaguchi, Prog. 
Theoret. Phys. 5, 669 (1950). 

4 E. Fermi, Prog. Theoret. Phys. 5, 570 (1950); Phys. Rev. 81, 
683 (1951). 
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valid for low frequencies is extended to high frequencies 
phenomenologically, it agrees with Glauber’s treatment® 
in terms of a direct interaction between a nucleon and 
many mesons. However, at the present stage the theory 
cannot be renormalized, and the effect of higher fre- 
quencies of virtual mesons is still uncertain. 

It is remarkable that these conditions are satisfied in 
most of the experimental results now existing, and are 
in rather good agreement with the L.O.W. theory. Of 
course, we do not know the convergence of the power 
series expansion in the coupling constant even in 
quantum electrodynamics, nor what a future theory 
would give in the high energy region. It is probable, 
though, that the main contribution comes from the 
statistical weight (phase volume) of the final state, the 
pseudoscalar nature of the meson, and the Lorentz 
invariance requirement of the matrix element. Further- 
more, the assumption of constant matrix element, 
derived under some ambiguous assumptions, may have 
some more direct physical meaning in a future theory. 

In Fermi’s theory, it is assumed that there will be 
established a thermal equilibrium of the virtual mesons 
in some Lorentz contracted volume. His treatment is 
more classical and its meaning is not clear. In order to 
established the thermal equilibrium, the collision time 
must be longer than the frequency of the emitted 
mesons, and this condition cannot be satisfied when 
the energy becomes sufficiently high; moreover, the 
Lorentz contracted diameter of the volume in which 
the thermal equilibrium is established is much smaller 
than the wavelength of the emitted mesons in the high 
energy region, and thus appears to be inconsistent with 
the thermal equilibrium assumption. In low energy 
regions, these conditions are satisfied (i.e., when the 
velocity of the meson is larger than the incident 
nucleon’s velocity in the center-of-mass system), but 
the experimental results show that the velocity of the 
mesons is usually smaller than the nucleon velocity. 
Otherwise, the results for multiplicity and angular dis- 
tribution are rather similar to the L.O.W. theory except 
in some detail points, and again agree fairly well with 
the experimental examples. 

The similarities of both theories come mostly from 
the statistical weight of the final state and the Lorentz 
invariant nature of the matrix element; furthermore, 
the constant matrix element is related to the range of 
the meson cloud which is of the order of the meson 
Compton wavelength. The only difference comes from 
the Lorentz invariant nature of the cross section and is 
related to the Lorentz invariant phase volume in the 
L.O.W. theory and to the Lorentz contraction of the 
volume in which a thermal equilibrium is established, 
in Fermi’s theory. This leads to different results, 
especially for the average energy of the emitted mesons 
in the center-of-mass system as a function of multi- 
plicity. 
®R. J. Glauber, Phys. Rev. 84, 395 (1951). 
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Il. THE DIFFERENCE BETWEEN FERMI’S METHOD 
AND THE L.O.W. METHOD 


The starting points of these theories are quite dif- 
ferent. One is based on weak coupling theory and the 
other on strong coupling, but both are rather classical 
treatments, as the L.O.W. method is somewhat similar 
to the Bloch-Nordsieck treatment.® In the L.O.W. 
theory the matrix element of this process is nearly 
constant, at high energies, so that the cross section is 
proportional to the phase volume of the final state. 
Though the calculation is restricted only to the first 
order, the results will be true more generally in the 
case of pseudoscalar mesons because the main con- 
tribution for multiple production comes from the sta- 
tistical weight of the final states. The main difference 
between these theories stems from the Lorentz con- 
traction of the volume in which the thermal equi- 
librium of the virtual mesons is established. The Lorentz 
contracted diameter of this volume (c.m. system) is 
much smaller than the wavelength of the emitted 
mesons in Fermi’s theory. It is dubious whether the 
thermal equilibrium of these mesons could be estab- 
lished in such a small domain. For example, in high 
energy collisions the Lorentz contracted diameter d is 
given by 

d=n2Mce/W, 1 


where W is the total energy of the two colliding nu- 
cleons in the center-of-mass system and M, uy are the 
masses of nucleon and meson, respectively. The average 
number of mesons produced is about 


S~1.34(W/M2)}; 


h/pe?~1.4X%10~ cm, 


hence, the average energy of the emitted pion is propor- 
tional to 0.75(WW-Mc*)!. The mean wavelength of the 
emitted mesons is 


h=d(24/10)(W/M2)}, 


and becomes much larger than the diameter when the 
total energy (c.m. system) becomes larger than 100 Bev. 

It would seem reasonable to assume that the Lorentz 
contracted diameter of the volume where the thermal 
equilibrium is established is nearly the same as the 
wavelength of the emitted mesons. This, then, gives 
the same results as the L.O.W. theory, and here lies the 
fundamenta! difference between the theories. 

The matrix elements of the multiple production of 
mesons are, according to the L.O.W. theory, 


M = (2f/p)"(n!)~*p"A (WWUYy), 


where f is the coupling constant of the pseudovector 
interaction between nucleons and pseudoscalar mesons, 
@ is the wave function of the emitted mesons, and 
¥¥ Udy is the scattering potential between two high 
energy nucleons which does not depend on n. These 
matrix elements are nearly the same as the elastic 


®F. Bloch and H. Nordsieck, Phys. Rev. 52, 54 (1937). 
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scattering matrix elements in the sense of the Block- 
Nordsieck treatment. About this part of the matrix 
elements we have no detailed information either from 
theory or from experiment. We only assume that this 
Lorentz invariant part is nearly independent of m and 
nearly constant. A is the factor such that the total 
cross section becomes geometrical. The total cross 
section o is proportional to 


Le=yW 


2f\2" 1 2f\" 1° 1 n dq; 
eee gee ee 
m n! m n! (2a)3” i=1 2e; 


where 


1 


(o*, d)o= A,yt (x) = f dq‘5(q?+ wu") 
40 >0 


(27)' 
1 f: 
~d (27) de 


The quantity (27)~*f/dq/2e« means the phase volume 
times the square of the absolute value of the meson 
wave function, and this expression is Lorentz invariant ; 
y is the fraction of the energy transferred to the mesons 
(c.m. system). The cross section in Fermi’s theory is 


Le=yW 


2Mc*\* 1 -« dq; 
o«(—-) -nf—, (2) 
wi) ntoid (2x) 


The main difference between (1) and (2) is that W 
enters in Fermi’s theory, while the energy of the emitted 
pions occur in the L.O.W. theory. For intermediate 
energies this is not so essential for the multiplicity, but 
we shall show in the next section that there still occurs 
some difference. We would also like to stress that it is 
very much more complicated in Fermi’s theory to 
establish a covariant connection between the matrix 
elements in the c.m. system and the lab. system than 
is the case for the L.O. W. theory. 


III. THE MULTIPLICITY, ANGULAR DISTRIBUTION, 
AND AVERAGE ENERGY OF THE MESONS 
It will be convenient to label the quantities in the 
laboratory system and the center-of-mass system with 
and without asterisks, respectively : 
c.m. lab. 
system system 
E E* 


*,* 
Ei €°°4; 


Interpretation 
Energy of the incident nucleon. 
Energy and momentum of the ith 
emitted meson. 
6,* Angle between the ith meson and 
the incident nucleon. 
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A. 


The multiplicity of mesons in high energy nucleon- 
nucleon collision which has a total energy W (c.m. 
system) is given by 


S~(fyW/p)! (L.O.W.), S~1.34(W/M)! (Fermi), (3) 


where 7¥ is the energy loss of the incident particles (c.m. 
system). Of course, for the Bloch-Nordsieck approxi- 
mation to be valid, y must be much smaller than 1 and 
we assume y <4; ¥ is, of course, different for each event. 
If we assume equal probability of any value of y which 
is smaller than 3, we get a distribution of the multi- 
plicities for given energy as shown in Fig. 1. On the 
other hand, if we assume an average y-dependence of 
W'/4; this gives us the same energy dependence in the 
L.O.W. theory as in the Fermi theory. The experi- 
mental results lie between the two theories so it is not 
possible to decide which theory fits better. The com- 
parisons with experiment are listed in the next section. 


B. The Angular Distribution of Mesons 


The angular distribution of the emitted mesons is 
nearly isotropic in the center-of-mass system in both 
theories, but is collimated somewhat in the forward and 
backward direction in Fermi’s theory. This is a conse- 
quence of the Lorentz contraction of the volume in 
which the thermal equilibrium is established. There is 
some evidence for foward-backward collimations of 
mesons, but symmetrical distributions of mesons have 
also been found. 

In the L.O.W. theory, most of the angular momentum 
which comes in is carried off by the scattered nucleons, 
as they do not considerably change their momentum 
after collision. This gives us a symmetrical distribution 
of the emitted mesons. But it is probable that the total 
momentum of the final nucleon is not necessarily zero 
in the center-of-mass system, i.e., it is smaller than the 
momentum of each final nucleon, but may be compa- 
rable to the energy loss. If we assume further that the 
final nucleons are preferentially scattered forward and 
backward (which occurs when the potential between 
two nucleons is the vector type of interaction, and there 
is some evidence of forward and backward scattering), 
the remaining momentum which is directed either 
forward or backward is shared by the emitted mesons. 
We have made some rough estimates for the half-angle 
of the emitted pion and find that it varies between 45° 
and 135° in the center-of-mass system. Therefore, both 
theories could explain the experimental angular distri- 
bution within the statistical deviations. 

Although the velocity of the emitted mesons in the 
center-of-mass system is much larger in Fermi’s theory 
(see C), the angular distribution in the laboratory 
system is determined only by the angular distribution 
in the center-of-mass system, and does not depend on 
whether their kinetic energy in the c.m. system is 
larger than or comparable with their rest mass. 
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F015 20 HH 4H 45 
Fic. 1. The distribution of multiplicity of mesons in the L.O.W. 
theory, assuming equal probable energy transfer to the mesons y 
between 0<7<~Ymax~}. E* is the energy of the incident nucleon 
in the laboratory system. 


By performing a Lorentz transformation we get 
Mq sin 
siné* = ___—— —, 
[ (Ee+ pg cos0)?— M2? }} 
pe+ Eq cosd 
cos6* = ——_____—____— , 
[ (Ee+ pg cos0)?— M*y? }! 


(4) 


where ¢, g, F, and p are the energy and momentum of 
the emitted mesons and the initial nucleon (c.m. system), 
respectively. 

When the velocity of the mesons is larger than that 
of the incident nucleon in the center-of-mass system 
(Fermi’s theory, E<100 Bev), the number of mesons 
which are emitted backward in the laboratory system 
(the number of particles which deflect more than 90°) is 
~S(M ge — pw p*’)/4( Ee)? < SM?/4F-~4/4S* (Fermi), 

(5) 
and can be neglected. 

When the meson velocity is smaller than the nucleon 
velocity (E>10 Bev in L.O.W.), the mesons are 
emitted in a cone in the laboratory system, and the 
maximum angle @nax* (lab. system) is given by 


M q 
Omax* = Sin “e- *). (6) 
m 


The angle @nax (c.m. system) which corresponds to 
Omax* (lab. system) is 


M M q\*} 
Poa = Sin |1-(—-) | ; (7) 
€ Pp ub 


and the number of particles which are emitted between 
Omax and 180 degrees (c.m. system) is 


s(u2p?—M 4?)/4(Ee)?~1/36 


(L.O.W.), (8) 


and can be neglected. In both theories, most of the 
mesons are emitted forward, and the relation between 
the angle of emission 6,*, in the laboratory system and 
the angle 6, in the center-of-mass system is 


_ -(—— j 
sind,” = —| —————— } . (9) 
p ood 
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Fic. 2. Experimental results on the angular distribution of 
mesons and the comparison with the prediction of the theory 
assuming a spherically symmetric distribution in the center-of- 
mass system. 6* is the angle between the emitted mesons and the 
incident nucleon in the laboratory system, and @p is their half- 
angle. 


When the angular distribution in the center-of-mass 
system is symmetrical, the angle of the ith particle 
being counted from the small angle, 


M ad 4 
sin0,*~ se - —), 
2(S—i)+1 


and the half-angle in the laboratory system is 


sind* = M/p. 


(10) 


(11) 


From this half-angle we can estimate the energy of the 
incident particle more precisely. It is concluded that 
the angular distribution in the laboratory system is not 
affected by the meson energy when the kinetic energy 
of the meson in the center-of-mass system is com- 
parable with or larger than its rest mass. (This condition 
is satisfied in both theories.) The angular distribution 
does not depend essentially on theory within the sta- 
tistical errors, (see Sec. IV). 


C. The Average Pion Energy 


The most important difference between both theories 
concerns the average energy of the mesons as a function 
of the multiplicity. From Eq. (3), the average energy 
in the center-of-mass system as a function of multi- 
plicity is given by 
@~(1/2f) VS Bev (L.O.W.);  @0.6XS Bev (Fermi). 

(12) 


It should be noted that it does not depend on the total 
energy or the energy transfer to the mesons explicitly. 
This quantity directly reflects the {-powder dependence 
(L.O.W) and $-power dependence (Fermi) in Eq. (3). 
The deviation from this average energy is of the order of 


#/v2 (L.O.W.) 
2/v3_ (Fermi), 


as the cross section depends sensitively on the phase 
volume of the final states. The average energy of the 
mesons in the center-of-mass system is proportional to 


the multiplicity in Fermi’s theory, whereas is varies 
with the square root of the multiplicity according to 
L.O.W. (In Heisenberg’s theory’ it is independent of 
the multiplicity.) The experimental results fit the 
L.O.W. theory better than the Fermi theory (see Sec. 
IV). 


IV. ANALYSIS OF EXPERIMENTS 


There are so few examples of multiple meson pro- 
duction known to be definitely produced in single 
nucleon-nucleon collisions that it is necessary to include 
cases that are probably the results of collisions of the 
incoming nucleon with a nucleus at the edge of a 
nucleus. It is therefore not possible to get definite con- 
clusions from the experimental results, but it will be 
interesting at any rate to compare all the cases with the 
theory. One example of a single nucleon-nucleon col- 


TaBLE I. Analysis of experimental results for two multiple 
events, with the help of Lewis, Oppenheimer, and Wouthuysen’s 
theory* and Fermi’s theory. 


b+p 
0.035 4-0.008 
Experiment 
E(Bev) 22.1 
Scharge 6 
Stot , 


€; 0.42 
0.43 
0.27 
0.41 
0.25 
0.86 
0.67 
0.46 
0.27 

€=0.45+0.04 

Y 0.09 


Event® 
sin6* 


L.O.W. Fermi 


2745 
(fy: 100)! 
1.5/f 
(Bev) 


f{=3.341.0 


0.08 





p+nucleus (edge) 
Wider cone 
0.13 


L.O.W. 
n.c. 330 w.c. 7.7 


Event? 
sin@* Narrow cone 
0.003 
Experiment 
E(Bev) 
Scharge n.c.® —w.c.® 

8+ 7 
Sot. 12+11 (fy-31)} 


n.c. n.c. WC. 
E=122 E=330 
>0.25  >0.15 1.73/f 1.65/f 
>1.0 >0.75 
“14 07 
w.c. 
E=122 
0.35 
0.53 


(fy-1320)4 





E=7.7 
0.50 
0.34 

n.c. ~0.01 n.c. 

0.10 

w.c. 0.30 


f{=3.341 


~0.01 


* See reference 2. 

b See reference 4. 

© See Hopper, Biswas, and Darby, reference 1. 
4 See Lord, Fainberg, and Schein, reference 1. 
@n.c.: narrower cone; w.c.: wider cone. 


7W. Heisenerg, Nature 164, 65 (1949). 
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lision, which produced six charged mesons and three 
neutral mesons, was found by Hopper, Biswas, and 
Darby. Precise measurements of the angle and energy 
were made. An example of a nucleon collision with a 
nucleon at the edge of the nucleus was found by Lord, 
Fainberg, and Schein,! in which 15 mesons were emitted. 
Fermi concluded that there is forward and backward 
collimation of the mesons in the center-of-mass system 
from the result that eight mesons were emitted in a 
narrow cone (0.003 radian) and seven in a considerably 
wider cone (0.18 radian). Four examples of both types 
were found by Pickup and Voyvodic,' but, unfor- 
tunately, the energy of the meson was not determined. 


A. The Multiplicity 


The energy of the incident particle can be estimated 
from Eq. (11), assuming a nearly symmetrical distribu- 
tion of mesons in the center-of-mass system. Even in 
Fermi’s theory, which implies some forward and 
backward collimation, the calculated value does not 
change more than a factor of 4. We assume that there 
are equal numbers of neutral mesons as positive (or 
negative) mesons, so the total multiplicity is } times 
the number of charged particles. From Eq. (3) we get 
the theoretical value of the multiplicity. In the L.O.W. 
theory we can determine f-y by comparing with the 
experimental value. The value of «€ may be determined 
from an average meson energy in the center-of-mass 
system, and we can compare y with the experimental 
value, which gives rather good agreement. 


B. The Angular Distribution 


The experimental angular distribution of mesons is 
nearly symmetrical in the center-of-mass system within 
the statistical deviation (Fig. 2). One exception is the 
example of Lord, Fainberg, and Schein, which has a 
sharp maximum in both the forward and backward 
direction. But this is not necessarily in contradiction 
with the L.O.W. theory. It can be interpreted as a 
cascade process, because this is a nucleon-nucleus col- 
lision with too slow protons in the backward direction. 
The incident nucleon hits a nucleon in the nucleus and 
produces eight mesons which are emitted in a narrower 
cone, and one or more of these produced mesons hits 
another nucleon to produce seven mesons which are 
emitted in a wider cone. From the angle of each cone, 
we can estimate the energy of the incident nucleon and 
the meson which produces secondary mesons, from Eq. 
(10). (The energy of the meson is larger than the 
nucleon mass, and the difference of the mass between 
nucleon and meson does not change the situation. We 
further assume the multiple production by the meson 
to be the same as in the case of the nucleon.) The energy 
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of each particle was estimated from the angle of each 
cone, yielding 


E,=330 Bev, E:=7.7 Bev, E:*=120 Bev. 


The estimated energy £,* is of the same order of mag- 
nitude of the energy of the primary mesons (> 250 Bev, 
>50 Bev, ~86 Bev). In Table I the comparison with 
theory is made. 


C. The Energy of the Mesons 


The energy of the mesons in the center-of-mass 
system can be estimated from the angle and energy of 
the mesons in the laboratory system, and the energy 
of the incident nucleon in the center-of-mass system: 


2 ~~ sin*6* uV\tEé 
e=- —(1+— — : )+(-) — | Bev. 
2LE 1+ cos6* sin*6* M/ é& 
These values, in the case where the energy and angle 
of mesons in the laboratory system are known, are also 
listed in Table I. 
Comparing with the experimental results in the 
L.O.W. theory we get the value of the coupling constant 


f: 
fr3t1. 


This is of the right order of magnitude to be compatible 
with the low energy experiments: 


f?/4nr~0.1. 


On the other hand, in Fermi’s theory, it is considerably 
larger than the experimental values. In Heisenberg’s 
theory, the energy of a meson only increases logarithmi- 
cally with the multiplicity and somewhat smaller than 
experiments indicate. From the energy of the emitted 
m-meson, we can deduce the energy transferred to the 
meson. It is only a portion of the total energy, while 
Fermi’s theory assigns the total energy available to the 
mesons. 

In conclusion, the author would like to emphasize 
that in the Fermi theory the Lorentz contracted diam- 
eter of the volume in which the thermal equilibrium 
is established is of the same order of magnitude as the 
average wavelength of the emitted pions. This is an 
immediate consequence of calculating the phase volume 
covariantly, assuming further a constant matrix 
element. 

The author would like to express his sincerest thanks 
to Professor Oppenheimer, Professor Fermi, and Pro- 
fessor Pais for valuable discussions and for their kind 
encouragement, and also to Dr. Lewis for a discussion of 
his investigations on this subject.® 


8H. W. Lewis, Phys. Rev. 86, 625 (1952). 
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An approximate theoretical calculation is given of the energy 0, dissociation of vacancy pairs in copper 
and of the activation energy required for the motion of associated pairs. If two atoms have been removed 
from neighboring lattice sites, the resulting double vacancy may be more stable than the configuration 
consisting of two single vacancies far apart. On the assumption that the lattice energy may be regarded 
as composed of contributions from pairs of atoms, the energy of dissociation of a double vacancy in copper 
has been estimated as about 0.6 ev. Furthermore, if the interatomic potential energy be represented by a 
Morse function, the activation energy for the motion of a double vacancy through any face-centered cubic 
metal crystal is about one-half that for a single vacancy. Double vacancies are, therefore, expected to be 


stable and highly mobile in such metals. 


I. INTRODUCTION 


ATTICE imperfections play an important role in 

many processes occuring in solids.’ In this note 
attention is focused on vacancies and their possible 
aggregation into pairs and clusters. Studies of ionic 
crystals have shown that positive and negative va- 
cancies tend to combine into stable pairs whose dis- 
sociation energy is about 0.9 ev in NaCl.?* Theory 
indicates that such pairs are considerably more mobile 
than single negative vacancies.‘ 

Similar studies have not yet been made for metals. 
Seitz® suggests that the energy of dissociation of a pair 
of vacancies in copper may be quite large and that, 
analogous to the alkali halides,‘ the pair may be very 
mobile because the number of repulsive interactions 
which must be overcome are reduced. Recent experi- 
ments on the annealing of lattice disturbances intro- 
duced by cold work*® and fast particle irradiation’ *:!° 
indicate that an appreciable amount of annealing takes 
place at quite low temperatures where single vacancies 
are not mobile enough to anneal out by diffusion out of 
the sample. Some of the low temperature annealing 
processes may possibly be attributed to the formation 
and/or motion of combined pairs of vacancies.® 

The purpose of the present note is to describe some 
approximate theoretical calculations carried out in 

* Under contract with the U. S. Atomic Energy Commission. 

t Permanent address: Physics Department, University of 
Illinois, Urbana, Illinois. 

' See, for example, the recent review by F. Seitz in Imperfections 
in Nearly Perfect Crystals, edited by W. Shockley (John Wiley 
and Sons, Inc., New York, 1952), pp. 3-77. 

2 F. Seitz, Revs. Modern Phys. 18, 384 (1946). 

3 J. R. Reitz and J. L. Gammel, J. Chem. Phys. 19, 894 (1951). 

4G. J. Dienes, J. Chem. Phys. 16, 620 (1948). 

®F. Seitz, Advances in Physics (Supplement to Phil. Mag.) 1, 
43 (1952). 

® J. Molenaar and W. H. Aarts, Nature 166, 690 (1950). 

7 Bowen, Eggelston, and Kropschot, J. Appl. Phys. 23, 630 
(1952); also paper given to the Society of Rheology at the Chicago 
anniversary meeting of the American Institute of Physics, 
October, 1951 (unpublished). 

’ Blewitt, Taylor, and Coltman, Phys. Rev. 82, 769 (1951). 

* For a review and discussion of this topic see G. J. Dienes, 
Radiation Effects in Solids, chapter in Annual Review of Nuclear 
Science, Vol. II (to be published). 

Marx, Cooper, and Henderson, Phys. Rev. 88, 106 (1952). 


order to investigate the properties of pairs of vacancies. 
In particular, one wants to answer the following 
questions: 

(a) Do vacancies in metals tend to associate into pairs? 

(b) If the pairs are stable, what is their activation energy for 
migration? 

II. THE ENERGY OF DISSOCIATION 

The energy required to create isolated vacancies in 
copper is known theoretically from the work of Hunt- 
ington and Seitz!! and Huntington.” The energy of 
formation is about 1.4 ev, which is appreciably less 
than the cohesive energy, 3.52 ev, because of the 
rearrangement of the electrons and the atoms around a 
vacancy. In order to calculate the dissociation energy 
one has to inquire how much the energy of formation 
is reduced when a vacancy is created next to an already 
existing one rather than far away from it. In ionic 
crystals the major source of the energy of dissociation 
is the electrostatic attraction between positive and 
negative vacancies.’* In metals, however, things are 
more complicated because of the homopolar type of 
bonding. An accurate calculation would probably use 
more involved methods than those of Huntington and 
Seitz, and would therefore be rather long, if indeed 
possible at present. Accordingly, we have used a fairly 
crude model, which is based on the assumption that 
the energy of the lattice can be regarded as composed 
of terms involving the interaction of pairs of atoms. 
This is a simple procedure and one which ought to be 
fairly reliable for obtaining a picture of the general 
situation. 

The formation of a single vacancy requires the 
breakage of 12 bonds in a face-centered cubic material 
and the formation of 6 bonds on the surface. The 
energy of formation may then be expressed as 

E,;“ = (12—6)(E./6)—W™, (1) 
where E,“ = energy to form an isolated single vacancy, 
E.= cohesive energy=3.52 ev for copper, and W"? 

1H. B. Huntington and F. Seitz, Phys. Rev. 61, 315 (1942); 


76, 1728 (1949). 
12H. B. Huntington, Phys. Rev. 61, 325 (1942). 
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=energy regained by redistributing the electrons and 
atoms around the vacancy. From Huntington and 
Seitz"-” it is known that 

E, =1.4 ev, and therefore W = 1.7 ev. 


Let now a second atom be removed which is a nearest 
neighbor of the vacancy. One of the bonds of this atom 
is already broken, so that only 11 bonds have to be 
broken in removing it to the surface. Thus, 
E,® = (11-—6)(E./6)-—W®. 
The dissociation energy AE,, is given by 
AEg= E,Y—E,=4E.-[WY-W® ]. 

W® and W® are expected to be very nearly the 
same in magnitude. This is the case because the contri- 
bution to the dissociation energy arising from a reduc- 
tion (by the association of two isolated vacancies) in 
the kinetic energy of the electrons is approximately 
canceled by the smaller polarization around the pair 
relative to two single vacancies. Further, simple calcu- 
lations showed that the difference in repulsive energy 
arising from the relaxation of the neighbors is very 
small, of the order of 0.01 ev. On this basis the dissoci- 
ation energy is estimated to be 0.59 ev. A somewhat 
lower value is obtained for this energy if W“ and W® 
are not taken to be equal but are assumed to be dis- 
tributed among the bonds in the same way as the 
cohesive energy. In this case the energy of dissociation 
is equal to E,, which is 0.23 ev. Thus, AEg is 
expected to be between 0.23 and 0.59 ev and is probably 
much closer to the 0.59-ev value. Even if the lower 
figure is the valid one, association is significant. 

The relation between the number of combined pairs 
of vacancies m2 and the number of isolated vacancies 
n, is given at equilibrium by? 

n/n = 12(n,/N )er#4/*7, (4) 


where J is the density of available sites and the factor 
12 enters because the pair can be oriented in 12 different 
ways in the face-centered cubic lattice. For AE, of 
0.59 ev m2/n, is small for a crystal in thermodynamic 
equilibrium. This is the case because at temperatures 
where the exponential is large the value of 1,/N is 
small. However, the fraction of pairs may be made 
appreciable by freezing in a nonequilibrium number 
of vacancies. 

If thermal equilibrium can be assumed as approxi- 
mately valid, then Eq. (4) may be applied in different 
ways to ascertain how vacancies actually tend to 
associate. If 2;/N=1077, mx=m,, and AEy=0.59 ev, 
then the temperature at which the number of pairs 
equals the number of single vacancies is 502°K. Recent 
work by Kauffman and Koehler’ indicates that 
vacancies in gold may be quenched in to a concentration 
of the order of 10, where the quenching is begun at 
900°K and occurs in about 5 milliseconds. The average 
effective temperature will be lower than 900°K, but 


» I. W. Kauffman and J. S. Koehler, Phys. Rev. 88, 149 (1952). 
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this value of 7 will give a lower limit for m2/m,. If 
n,/N=10~, T=900°K, and AE,=0.59 ev, then Eq. 
(4) gives n2/n,= 2.4. Since this is a lower limit for the 
ratio of pairs to singles, we suggest that the interpre- 
tation of experimental results must allow for the 
likelihood that vacancies will associate. 

Dissociation of the vacancy pair may require not 
only the dissociation energy of about 0.59 ev but also 
a further activation energy to permit the pair to diffuse 
apart. A more careful examination is required for 
clarification of this point since one would have to 
determine the detailed form of the interaction potential 
of two vacancies as a function of their separation. 

III. THE ACTIVATION ENERGY FOR THE MIGRATION 
OF COMBINED PAIRS OF VACANCIES 

It was shown in the previous section that combined 
pairs of vacancies in copper are expected to be quite 
stable in any crystal in which an appreciable number of 
vacancies have been frozen in. It is pertinent, therefore, 
to inquire about the mobility of such pairs. A fairly 
simple comparative calculation can be carried out based 
on a Morse potential interaction between neighboring 
atoms. Such a calculation may be considerably in error 
as far as absolute magnitude is concerned. However, 
the comparison of the activation energies for the 
migration of pairs with that for the migration of single 
racancies should be quite reliable when based on the 
same potential function. 

Let the atomic interactions be represented by a 
Morse potential : 

U=D[l—e-a'r-) f, (5) 
where r=interaction distance, r= equilibrium inter- 
atomic distance, a=constant, D= dissociation energy 
per bond (atom-atom interaction), and U= potential 
energy per atom. In a face-centered cubic lattice, 

D=}E., (6) 
where E,=cohesive energy. In copper D=3.52/6 ev 
=().59 ev and a reasonable value for @ is" 1.4A~'. If a 
ratio of the two activation energies is taken for com- 
parison, the final results turn out to be independent of 
the value of D, but are found to depend on the value 
of a. 

Let the coordinates of any point in space be desig- 
nated, in units of a/2 (where a= lattice parameter), by 
(xyz). These numbers are integers for the lattice points. 
Let the vacancies be located at (000) and (110). In 
order that the atomic jump should not dissociate the 
pair but permit it to move as a unit the moving atom 
must be a nearest neighbor of both vacant lattice sites. 
Let the initial position of the moving atom be at (011) 
and let (xyz) denote its position at any point within 
the triangle defined by these three lattice points. The 
total interaction energy was then calculated by means 
of Eq. (5) as a function of the position of the moving 


“See, for example, J. C. Slater, Introduction to Chemical 
Physics (McGraw-Hill Book Company, Inc., New York, 1939), 
pp. 454-455. 
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Fic. 1. Potential energy contours for diffusion of a combined 


pair of vacancy. Moving atom initially at (011), vacancies at 
(000) and (110). 


atom. In this calculation the atom at (xyz) was assumed 
to interact with all the atoms at lattice points which 
were nearest neighbors of (000), (110), and (011). The 
energies were expressed in units of D, and the potential 
energy contours obtained are plotted in Fig. 1. 

It is evident from the geometry of the lattice that 
the energy contours must be symmetrical with respect 
to the lines connecting the apex of the triangle to the 
midway point of the opposite side. As shown in Fig. 1 
these lines represent the valleys directed toward the 
saddle point which was found to be at (4 3 4). Relaxa- 
tion of the neighbors of the moving atom and of the 
vacancies was neglected prior to or during diffusion. 
In a comparative calculation the error introduced is 
expected to be small. However, because of the relaxation 
of the atom to be moved from (011) it really starts its 
climb over the potential barrier from a minimum at 
(1/12, 11/12, 5/6) which represents its relaxed position. 
The atom then travels up the valley toward the saddle 
point. The saddle point is seen to be a rather flat 
plateau. From the saddle point the atom may move 
either toward (110) or toward (000). The two paths are 
entirely equivalent, and the actual course of the particle 
will be determined by chance fluctuations. The acti- 
ration energy for this jump, AF», given by the difference 
between the maximum and the minimum along the 
potential barrier, is 0.58D. Calculations near the mini- 
mum and the maximum showed that the jumping atom 
has no tendency to move out of the plane defined by 
(000), (011), and (110). 

An entirely analogous calculation was carried out for 
the motion of a single vacancy. In this case there is an 
atom at (110), the vacancy is at (000) and the atom to 
be moved is at (011). The motion is, therefore, along 
the line (O11) to (000), and the saddle point is at 
(0 § 4). The minimum in energy was found to be 9.59D 
at (0, 0.91, 0.91) and the maximum 11.135D, giving an 
activation energy AF), of 1.545D. In this computation 
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the same neighbors were taken into account as in the 
case of the double vacancy. For reasons of symmetry 
the noncommon nearest neighbors of (110) should be 
neglected. These atoms have very little influence on 
the activation energy, with the revised value being 
1.640D. This activation energy for the jump of a single 
vacancy is reasonable also in absolute magnitude. With 
D equal to 0.59 ev the activation energy amounts to 
0.97 ev. This value is in good agreement with the 
estimate of Huntington and Seitz." 

The sensitivity of the results to variations in the a 
parameter was also investigated. The energies at the 
minimal and maximal positions were recalculated for 
a=2.8A~' (an extreme value). With this value of a, 
FE, and EF, were found to be 8.75D and 12.43D, respec- 
tively. These figures are unreasonably large, of course. 
The point is that even at this extreme value of a the 
difference between AF, and AF,» is significantly large. 

The results are summarized in Table I where acti- 
vation energies, differences, and ratios in activation 
energies are given for the various cases. The results 
show very clearly that the combined pairs of vacancies 
require a considerably lower activation energy for 
diffusion than the single vacancies. The ratio AF2/AE, 
is probably the most significant quantity since its value 
TABLE I. Activation energies for the motion of single and double 

vacancies In copper. 
‘ge Pog AF —AE: SEs 
(single vacancy) (double vacancy) in ev AE 


0.34 0.63 — 0.354 
5.16 2.17 0.705 


a 
in A~t 
1.4 0.97 
2.8 7.33 


is independent of the value of the bond strength D. 
The activation energy for the pair is 35 to 70 percent 
of the value for the simple vacancy, depending on 
what a is used. As pointed out, the lower a-value is the 
reasonable one. A conservative estimate for the acti- 
vation energy for the motion of a pair is, therefore, 
about one-half of that for the single vacancy. The 
calculations fully confirm the physical arguments which 
indicated that a pair should be much more mobile than 
a single vacancy because of the more open structure of 
the combined imperfections. 

These results are qualitatively valid for any face- 
centered cubic metal as long as a Morse function is a 
reasonable approximation to the actual potential func- 
tion. Quantitatively, the ratio of the activation energies 
will depend on the value of a and the difference on both 
parameters, a and D. 

The existence of stable pairs of vacancies in simple 
metals is strongly supported by the theoretical results. 
Furthermore, these results indicate clearly that pairs 
are much more mobile than single vacancies. 

It is a pleasure to acknowledge the assistance of 
Miss J. H. Snover in carrying out the detailed calcu- 
lations. The authors are also grateful to Dr. H. B. 
Huntington for stimulating discussions. 
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Periodic deviations in the Schottky effect for molybdenum have been measured over a field range of 10* 
to 105 volts cm™ in a temperdture range of 1400 to 1800°K. The results, interpreted in terms of the two 
reflection parameters A and yu, justify the assumption of a mirror image barrier for the emitted electrons. 
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I. INTRODUCTION 


ERIODIC deviations in the Schottky effect have 
been studied experimentally for tungsten,'~ tanta- 
lum,” and for tantalum contaminated with thorium.‘ A 
quantum-mechanical theory of electron emission®~? 
allows an interpretation of these studies in terms of the 
field dependence of the electron reflection coefficient for 
the potential barrier at the emitter surface. This analy- 
sis suggests the possibility of using Schottky plots asa 
tool to investigate some of the surface properties of 
solids.® 
Such an investigation was undertaken in the case of 
tantalum,‘ and now has been continued for molybde- 
num. 

Thermionic emission currents ranging from 1075 to 
10-° amp were measured over a temperature interval 
of 1400 to 1800°K for molybdenum filaments. The 
periodic deviations in these currents were obtained over 
a field range of 10* to 310° volts cm, and these 
results are related to the surface potential barrier 
through the two reflection parameters \ and yu suggested 
by Herring and Nichols.® 




















II. RESUME OF THEORY 





Periodic deviations are related to the field dependent 
transmission coefficient through the relation*® 


F,=the periodic part of log) D(E)/D(O)], (1) 








where F’2 is the periodic deviation, D is the transmission 
coefficient averaged over the energy distribution of the 
emitted electrons, and E the electric field applied to 
the emitter surface. 

Guth and Mullin’ obtained an expression for F’; from 
the straightforward computation of D(E) for the one- 
dimensional box model. This barrier model has been 
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plotted in Fig. 1 for the several applied fields of interest, 
to illustrate how its shape changes with field. The 
important mathematical relations derived for this model 
are listed in Fig. 1, and the general assumptions basic 
for these relations are: (a) the potential barrier to the 
left of x; is constant, and to the right of x; is due to the 
mirror image and applied fields; and (b) the potential 
barrier has a discontinuous slope at x). As a consequence 
of these assumptions the location of the barrier maxi- 
mum, designated as x9, depends only upon the applied 
field; theoretically, x9 moves in toward x; from 601 to 
19A as the applied field is increased from 10* to 10° 
volts cm~'. Simultaneously the barrier half-width is 
decreased from 5.18105 to 518A, but the barrier 
height is decreased only by 0.38 volt. The location of 
x; depends upon W, alone; it is determined therefore 
for the particular emitter, but not affected by the 
applied field (see Fig. 1). For this model the Guth- 
Mullin expression for /; has been shown to be equiva- 
lent to* 


Cot 1 Co 1 Cs 
r= |— con(—+C4) +— con(—+4) | (2a) 
Tlf tH fo g 


where EF! is designated by the symbol £ To a good 
approximation the C’s are constants for a given emitter, 
and their computation as well as that of the f’s involves 
only natural physical constants [see reference 4, ‘Table 
I, and Eq. (5) ]. The first cosine term results from 
electron reflections, while the second is due to tun- 
gXg*®, E+90 
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Fic. 1. The box model for an electron emitter with an electric 
field applied to its surface. Wa=10 volts is representative of the 
highly refractory metals. The periodic deviations in the Schottky 
effect are due to a large extent to the variations in the position 
of xo with applied field E. 
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Fic. 2. Periodic deviations Ff; from the Schottky effect for 
clean molybdenum. The theoretical curve is calculated from the 
Guth-Mullin theory for Wa= 10.2 volts. 


neling. Since both cosines have the same _ period, 
namely® 297/C3= 22/357.1, they may be combined into 
the single term 


F.= (C#/T) cos{ (357.1/84)+ P ], (2b) 


where C and P are parameters identified as 
C=C.[(1/fi)?+ (1/ fe)? + (2/ fife) cos(Ca—Cs) }}, 
fe sinCs+ fi sinCs 
fr cunt ‘s+ fi cost | 


The original C’s and f’s specified in Eq. (2a) were 
practically functions of W, alone; this property may 
be transferred to the C and P of Eq. (2b). 

The physical significance of the /2-dependence on 
and W, in Eq. (2b) becomes clear when D is written to 
show how it includes the effect of interference between 
electrons reflected in the region x9 with those reflected 
near x;. Because xy is field-dependent, while the point 
x1, as well as the shape of the potential near this 
point, are field-independent (see Fig. 1), Herring and 
Nichols® expressed D in terms of two partial reflection 
coefficients, as follows: 


D=1—[|ul?+|A]2+2 Re(A*u)], (3) 


where D is the over-all unaveraged transmission 
coefficient, \ is a complex quantity whose square gives 
the reflection coefficient for an electron at xo, and yu is 
a similar complex quantity for x;. The quantities D, X, 
and uw are therefore functions of the electron energy; 
\ depends upon the applied field and therefore upon &, 
and uw is essentially independent of the applied field by 
definition. The periodic part of D comes from the last 
term on the right of Eq. (3), and Fy, is obtained by 
averaging this term over all electron energies. When a 
Maxwellian distribution for emitted electrons is as- 
sumed, the averaging introduces the 1/7 into the final 
equation (2b), so that £! in the amplitude and 357.1/£! 
in the argument of the cosine are introduced by A, 

*( as given in reference 4 is slightly different from the value 
given here. Corrections have been made for more recent values of 
the physical constants. 
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while C and P have their principal contributions from 
the real and imaginary parts of wu. Therefore, if one 
could obtain \ and yw separately from experimental 
data, one would have a description of the barrier at 
two positions, namely x» and x;. The theory in its 
present form cannot be used to make a direct separation 
of \ and uw from experimental data. It is possible, 
however, to determine whether or not the field de- 
pendence introduced by A is that of a mirror image 
potential, and whether the » implied by the data 
corresponds to the reflections of electrons from the 
discontinuity at x; for the box model. 


III. EXPERIMENTAL METHOD AND DATA 


The experimental tube and measurements already 
have been reported in detail.‘ In the present experiment 
the test filaments were 0.003-inch molybdenum wire" 
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Fic. 3. The effect of choice of slope on the separation of periodic 
deviations F, from the Schottky plot in a patchy region of 
molybdenum. Note that the amplitude varies with slope, while 
there is little effect on the phase. The line drawn through the 
solid circles above the patch break has a slope of 1.41074; this 
is greater than the theoretical value computed from emitter 
temperature. 


approximately 6.5 inches long. The diameter was 
determined by weighing and using 10.2 g cm~ for the 
density.” 

Prior to each set of emission measurements the 
molybdenum filament was flashed for two minutes at 
2600°K. This seemed sufficient to clean the filament, 
for it brought the emission current to a value which 
was stable and reproducible to four significant figures 
over the two-hour period required in taking data for a 


precise Schottky plot. 


The molybdenum filament was obtained from the Fansteel 
Metallurgical Corporation, North Chicago, Illinois. Both un- 
polished and polished specimens of wire were tested, and the 
periodic deviations had identical patterns for both cases. 

Handbook of Chemistry and Physics (Chemical Rubber 
Publishing Company, Cleveland, 1949), thirty-first edition. 





PERIODIC DEVIATIONS 

The filament temperature determinations were based 
on temperature-power data supplied by Moore and 
Allison of Bell Telephone Laboratories.” While the 
absolute temperature determined by these data is 
estimated to be correct to only +20°K, constancy of 
temperature was checked during the taking of emission 
data by monitoring the flament heating current and 
voltage. The variation in temperature during a run 
was no greater than 1°K. 

Precisions realized in the field and emission current 
measurements in the previous experiment* were repro- 
duced here. 

The Schottky plots obtained for clean molybdenum 
exhibited the modifications in slope due to the patch 
effect ;* even at the highest fields the experimental slope 
was always greater than (1.914/7) (cm volt~!)! pre- 
dicted by Schottky theory, and in a few instances 
deviated by as much as 10 percent in the high field 
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Fic. 4. F2 versus y plot of periodic deviation theory. The curve 
has a constant period of 2x. A simple normalization to Y and a 
shift of P to the right should bring experimental points into 
coincidence with theory for P=0, if the emitter surface barrier 
follows the mirror image law. The Guth-Mullin theory for 
molybdenum is represented by the dashed curve. The experi- 
mental points are for molybdenum at 1480°K. 


region. It was possible, however, as in the case of 
tantalum to separate each Schottky plot into several 
regions of constant slope and to obtain F2-curves for 
molybdenum in the piecewise fashion previously 
described for tantalum.‘ 

The experimental F2-curves given in Fig. 2 are typical 
for clean molybdenum; here plots are given for temper- 
atures of 1480, 1560, and 1760°K, respectively. An 
increase in amplitude with decrease in temperature 
may suggest itself, but the case is not clear as with 
tantalum.‘ The theoretical prediction that a change in 
temperature should not cause an appreciable phase 
change for the F, curves is verified. The phases were 
not appreciably sensitive to patch effects, while the 
amplitudes were affected to a large extent; Fig. 3 
illustrates this (see reference 4, Fig. 4, for similar data 
in the case of tantalum). 


2G. E. Moore and H. W. Allison (private communication). 
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Fic. 5. Composite plot of F: versus y of periodic deviation data 
for the clean, highly refractory metals for a temperature range of 
1200 to 2300 deg K, indicating that the surface potential barrier 
is mirror image. 


IV. DISCUSSION OF RESULTS 


The solid curve in Fig. 2 is a plot of the Guth-Mullin 
theory in which W.=W + e¢=5.8+4.4=10.2 ev has 
been used for clean molybdenum. The comparison of 
experiment with theory reveals the same trends ob- 
served in all previous data for the clean highly refrac- 
tory metals. The over-all form of the experimental 
curves follows the Guth-Mullin theory, with two 
important differences: (1) the experimental amplitudes 
are less than the theoretical, and (2) the extrema for 
the theoretical curves are shifted to larger values of &. 
While these differences may be attributed in a general 
way to patch effects and to the approximate character 
of the box model theory, particular and fundamental 
information seems available when an analysis based 
on the A and yu coefficients is pursued. 

As a first approximation, all of the field dependence 
of F. can be assumed to be due to A because it is 
connected with x» alone. Thus, it is the mirror image \ 
that introduces specific analytic forms £! into the 
amplitude and 357.1/é! into the argument of the cosine 
of Eq. (2) for the box model (the 1/7 enters from 
averaging over the energy distribution of emitted 
electrons). That this field dependence peculiar to the 
mirror image barrier is verified may be clearly demon- 
strated if experimental data are compared with Eq. (2) 
transformed to 


F,=(Y/y*) cos(y+P), (4) 


by letting y=357.1€-4, and Y= (357.1)°C/T. Equation 
(4) transforms F, to an oscillating function with a 
constant period of 27. Figure 4 is a graphical illustration 
of this function; the solid curve is a plot of F2 versus y 
for P=0 and Y arbitrary, while the dashed curve in 
this figure is a replot of the Guth-Mullin theory repre- 
sented in Fig. 2 by the solid curve. Typical transformed 
experimental points (the 1480°K data from Fig. 2) are 
shown as open circles in Fig. 4. If these data are for a 
mirror image A, normalization by a constant amplitude 
factor and a simple phase shift to the right should 
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bring coincidence between experiment and the theo- 
retical solid curve for P=0. This follows since Y and 
P are both independent of the field. 

These two adjustments, namely the phase shift and 
the amplitude normalization, have been made for 
molybdenum, and also for the tungsten and tantalum 
data previously reported. A composite graphical repre- 
sentation together with the theory is given in Fig. 5. 
The adjustment factor for the amplitude varied between 
1.5 and 2 for the three metals, after taking into account 
the 1/7 variation; this range is not beyond the ampli- 
tude uncertainty due to the patch effect (see Fig. 3). 
Figure 5 represents the three highly refractory metals 
for an over-all temperature range from 1200 to 2300°K. 
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Apparently the mirror image law is justified, and the 
\ part of the Guth-Mullin theory well verified. 

It is apparent in Fig. 4 that the simple phase shift 
measures P in Eq. (4). In the instances of all data 
processed for Fig. 5, P had a different value for experi- 
ment than for the Guth-Mullin theory, and the devia- 
tion from the Guth-Mullin theory in every case was of 
the order of { period. The inference is that the yu of 
the box model may not be completely justified. 

The authors are grateful for the help received through 
discussions with others. In addition we acknowledge 
the technical assistance of Mr. Ernest Parsons and 
Mr. Fay Gifford in carrying out this experiment and in 
preparing the manuscript. 
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The Decay of Zn°°} 


R. B. Durrretp* anp L. M. Lancert 
University of California, Los Alamos Scientific Laboratory, Los Alamos, New Mexico 
(Received November 10, 1952) 


The 52-minute ground state of Zn® has been found to decay with a simple beta-spectrum of end point 
0.897+-0.005 Mev. The 13.8-hour isomer of Zn® decays to the ground state by emission of a gamma-ray 
of energy 0.4364-0.004 Mev. The conversion coefficient of this gamma-ray is 0.06 indicating a M4 transition. 


INTRODUCTION 


HE 52-minute activity of Zn® was first made by 
Livingood and Seaborg,' and absorption tech- 
niques showed the radiation to consist of beta-particles 
of energy 1 Mev'? or subsequently 0.86 Mev.? No 
spectrometer measurements on this activity have been 
reported. 

The 13.8-hour isomer of Zn** has been shown to 
decay to the ground state by emission of gamma- 
radiation, the energy of which has been reported to be 
0.439 and 0.450 Mev.‘ The internal conversion coeffi- 
cient has been reported to be between 0.01 and 0.1. 

Using a magnetic lens spectrometer we have examined 
the beta-spectrum of the 52-minute Zn® and have 
measured the energy and the internal conversion 
coefficient of the gamma-ray accompanying the 13.8- 
hour isomeric transition. The beta-spectrum appeared 
to be simple and to have an end point of 0.897-0.005 
Mev. The gamma-ray energy was found to be 0.436 
Mev and to have an internal conversion coefficient of 
0.06. 


t This work was performed under the auspices of the U. S. 
Atomic Energy Commission. 

* Permanent address: University of Illinois, Urbana, Illinois. 

t Permanent address: Indiana University, Bloomington, 
Indiana. 

1 J. J. Livingood and G. T. Seaborg, Phys. Rev. 55, 457 (1939). 

2 Kennedy, Seaborg, and Segre, Phys. Rev. 56, 1095 (1939). 

3. Bleuler and W. Ziinti, Helv. Phys. Acta 19, 375 (1946). 

4See, Nuclear Data, National Bureau of Standards Circular 
No. 499, for a summary 


EXPERIMENTAL PROCEDURE 


The magnetic lens spectrometer used has been de- 
scribed in another paper.> A Geiger tube with a 3.6- 
mg/cm? mica window and a 0.5-inch diameter aperture 
served as detector. The resolution was 3 percent. 

The sources were prepared by neutron irradiation of 
zinc in the thermal column of the Los Alamos homo- 
geneous reactor. Zinc metal was evaporated in vacuum 
onto the desired backing material to form a source 3 
inches in diameter and perfectly uniform in thickness. 
This was then irradiated with thermal neutrons to form 
Zn®, No interfering activities were found. 

Data are given below for the beta-spectra from two 
different sources prepared in the above manner. The 
first had a thickness of 3.0 mg/cm? and was mounted 
on 0.00025-inch thick aluminum foil; the second had a 
thickness of 0.4 mg/cm? and was mounted on zapon of 
thickness approximately 50 micrograms per cm’. 

Sources of thicknesses 3 mg/cm? and 1 mg/cm? were 
used in the spectrometer for examination of the internal 
conversion electrons from the 13.8-hour isomeric 
transition. 

The unconverted gamma-radiation was observed 
with a scintillation counter. A thallium-activated 
sodium iodide crystal 1 inch in diameter and 1 inch 


thick was used. The pulse-height distribution was 


5L. M. Langer, Phys. Rev. 77, 50 (1950). 
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Fic. 1. Fermi plot of the 52-minute Zn® beta-spectrum. 


determined with a single channel differential pulse 
height selector. 


RESULTS 
52-Minute Zn’ 


Figure 1 is a Fermi plot of the beta-spectrum of the 
52-minute Zn*®*. Data are plotted for both the 3.0- 
mg/cm® source and the 0.4-mg/cm? source. There is 
evidently only one group of electrons, and the spectrum 
is of the allowed form. The points for the thinner source 
lie on a straight line down to approximately 0.250 Mev. 
The end point is 0.897+0.005 Mev. The log ft is 
calculated to be 4.17 for this transition. 


13.8-Hour Zn*’ Isomer 


An electron line was found at 0.424+0.004 Mev 
indicating a gamma-ray of 0.434+0.004 Mev. Com- 
parison of the areas under the line and under the 
beta-spectrum from decay of the 52-minute ground 
state gave an internal conversion coefficient of 0.06. 
These data agree well with earlier measurements.‘ 

Figure 2 shows the pulse-height distributions ob- 
tained in a sodium iodide crystal from the gamma-rays 
from the 14-hour Zn®’, Au'** and annihilation radiation 
from Na”. These data give a gamma-ray energy for 
Zn® of 0.436+0.004 Mev. No other gamma-rays were 
found. 


OF Zn*?® 
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Fic. 2. Pulse-height distribution from sodium iodide scintillation 
counter excited by gamma-rays from 13.8-hour Zn, Au®, and 
annihilation radiation (Na®). 


DISCUSSION 


These data indicate that the 13.8-hour isomer of Zn*®* 
decays entirely by a 0.436-Mev gamma-transition to 
the 52-minute ground state which then undergoes a 
simple beta-decay to the ground state of Ga. The 
ground state of Ga®’ is known to have a spin of 3/2, 
and the nuclear shell model would indicate that this is 
a ps2 level. Since the beta-transition is certainly 
allowed, the Zn*®® ground state is probably pi/2. Both 
lifetime and the conversion coefficient for this isomer 
indicate that the isomeric transition is an M4. The 
13.8-hour isomeric level is therefore undoubtedly gy,2 
in agreement with the shell model predictions. 

It would be of some interest to find isomeric levels 
in Ga® and Ga” so that one could see how the P1/2 to 
Zy/2 level difference varies with Z in this mass region. 
A very brief search for these isomers following an (n,2n) 
reaction in germanium was made but it failed to disclose 
any new radioactive periods. 

We are indebted to B. M. Sorensen, G. W. Knobeloch, 
J. P. Balagna, R. Prestwood, and M. E. Bunker for 
the use of apparatus and for assistance with these 


experiments. 
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Deviations from LS Coupling in the Spheroidal Core Nuclear Model* 


J. P. Davipson,t Washington University, St. Louis, Missouri 


AND 


E.. FEENBERG,{ Washington University, St. Louis, Missourt and Brookhaven National Laboratory, Upton, New York 
(Received November 4, 1952) 


Deviations of measured magnetic moments from the Schmidt limits have been interpreted in terms of a 
failure of LS coupling. The model of an odd nucleon coupled to a nonspherical core provides an unforced 
theoretical basis for this interpretation. Projection operators for pure LS coupling states are introduced 
and applied to compute the statistical weights of the L=/—4 and L’=/+4 components in Bohr’s strong 
coupling wave function. The orbital gyromagnetic ratio of each component is also determined 

Numerical results on the energy displacements produced by the coupling of the odd nucleon to the 
distorted core are generally unfavorable to the strong coupling description. A perturbation method ap 
propriate to a weak coupling description is more likely to provide a satisfactory solution of the dynamical 


problem 


I. INTRODUCTION 


HE theory of a nucleon moving in the field of a 

spherical core requires two interaction operators: 
Vi(r), the radial potential function, and V2(r)l-s, the 
spin-orbit coupling potential. Some degree of arbitrari- 
ness is involved in any attempt to generalize these 
operators to a nonspherical core. A simple generaliza- 
tion, possibly inadequate, but suitable for exploratory 
studies, can be derived from the working hypothesis 
that V,; and V» are functions of the particle densities 
px(r) and pz(r). To adapt this assumption to a non- 
spherical core, r is replaced by a new variable, 


yr’ = [ A(x)? + Xo") + x3 d?]}, (la) 


r’ =r 1—Soa,?+ >a, V2,(0’¢’) |, (1b) 
and the particle densities (and consequently also the 
potentials) are taken to be the same functions of r’ as 
they were originally of r. 

The first r’ represents a spheroidal distortion of 
arbitrary magnitude leaving the volume of the core 
unchanged. The second is suitable for discussing small 
deviations from spherical symmetry. Here also the 
volume is held constant. The angles 6’ and g’ are 
referred to a coordinate system in which the x, direction 
is a principal axis of the distorted core.' With this 
choice of polar axis a,=a_,=0, @-2=a2 and dp, dg are 
real numbers. 

Some information on the eigenvalues and solutions 
of the Schrédinger equation, 


h° 
; A+Vilry) + 4b sVo(r)+-4V ers W=EW, (2) 
2M 


* Assisted by the joint program of the U. S. Office of Naval Re- 
search and the U. S. Atomic Energy Commission. 

t Submitted by J. P. Davidson in partial fulfillment of the re 
quirements for the degree of Doctor of Philosophy at Washington 
University, St. Louis, Missouri. Now at Pupin Physics Labora- 
tory, Columbia University. 

t Visiting physicist at Brookhaven 
summer, 1952, and visiting lecturer at 
1952-1953. 

1A. Bohr, Kgl. Danske Videnskab. Selskab, Mat.-fys. Medd. 
26, No. 14 (1952) 


National Laboratory, 
Princeton University, 


can be derived from a study of the interaction operators 
Wint=Vilr’)—V ir), (3) 
oH int=3LV 2(r’) — V(r) Jl-s+3l-s[V2(r’)—Vo(r)], (4) 


in the limit of small deviations from spherical sym- 
metry. In first order 


Win= —r(dV, dr) > ay¥ x, (5) 
2H int= —43r(dV2/dr)>a,[1-sV2,+Vo,l-s]. (6) 


With a rectangular potential well of constant depth D, 
Eq. (5) reduces to 


1H int= — 6(r— R)DR¥a,V 2, (7) 


in which R is the nuclear radius and 6(r—R) is a Dirac 
delta-function. This is essentially the Rainwater?~ 
interaction operator with corrections for the finite 
depth of the potential well and the possible absence of 
symmetry about the body fixed polar axis. The recent 
study by Bohr! of the coupling between the odd nucleon 
and the surface oscillations of the nonspherical core is 
based on Eq. (7) and a quadratic approximation for the 
potential energy of the surface oscillations 


Vio=3Cda,’, 


derived from the theory of nuclear fision.® (Z, and E, 
are, respectively, surface and Coulomb energies of the 
spherical core.) 

The approximation represented by Eq. (7) is probably 
adequate on the range |do| <0.2. This statement is 
based on explicit numerical calculations for a well of 
infinite depth and a range of eccentricities® and also on 
comparisons with exact solutions for two analytically 
simple problems (harmonic oscillator well and well of 


2 J. Rainwater, Phys. Rev. 79, 432 (1950). 

3 E. Feenberg and K. C. Hammack, Phys. Rev. 81, 285 (1951) 
4S. Gallone and C. Salvetti, Phys. Rev. 84, 1064 (1951). 

5 N. Bohr and J. A. Wheeler, Phys. Rev. 56, 426 (1939). 

6 J. A. Wheeler and D. L. Hill (to be published). 
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infinite depth in a rectangular region). The present 
study shows that Eqs. (7) and (8) generally determine 
deviations from the spherical shape approaching the 
indicated limits of validity. In some applications do is 
not small compared to 1, and the theory clearly breaks 
down. Nevertheless, some interesting conclusions can 
be derived from the theory based on Eqs. (7) and (8). 
The need for a critical approach to the theory is 
indicated by recent work’ on the quadrupole moment 
of O',” 

The possibilities for the exact solution of Eq. (2) are 
illustrated by the example of a nonisotropic harmonic 
oscillator (omitting the spin-orbit interaction): 


H=— (h?/2M)A+43Mo"[A(x?+ x2) +43/d? J. 
The eigenvalues are 
E= hol M(ny+ne+1)+(nst+4)r], (9) 


in which the quantum numbers #1, m2, m3 take on all 
integral values including zero. Minimum energy occurs 


for 
2n3+1 ‘ 
=( ) | 
Ny+not+l 


Equations (9) and (10) yield 


E=$hw(2n3+1)'nyt+no+I)i. 


(10) 


(11) 


Numerical results are shown in Table I. The inclusion 
of the surface energy in the calculation would give 
qualitatively similar results with somewhat smaller 
deviations from spherical symmetry and smaller energy 
displacements. 

Of particular interest is the low state in the m+n. 
+n ;=2 function space. This state has m,=0 and, for 
small deviations from spherical symmetry, contains 
/=0 with statistical weight } and /=2 with statistical 
weight 3. 

Another example possessing a simple exact solution 
has a well of infinite depth in a rectangular region with 
dimensions 1,;=1.=L/\', L3;=AL. The energy eigen- 
value is 

E= (h’r/2ML*)[d(nP+n?)+n3?/d? ], 


in which the quantum numbers 1, 2, ns take on all 
integral values excluding zero. 


II. INTERPRETATION OF DEVIATIONS FROM 
THE SCHMIDT LIMITS 


The nuclides 15P 16, rr “d63, 65) 50565, 67, 695 and 1 Ulye2, 124 
have J=} and magnetic moments far removed from 
the Schmidt single particle limits. This group is assigned 
even parity by the shell model. Other groups with 
moments departing considerably from the appropriate 
Schmidt limits occur at /= 3% (odd) and /=5/2 (even); 
saASq2 is an extreme example in the first category and 
ssl74 in the second. 

en Gunther-Mohr, and Silvey, Phys. Rev. 85, 474 
(1952). 
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TABLE I. Nonisotropic harmonic oscillator. 


m lv @1) r 


0 0 1 


Zs 1 0.630 
= 1 0.630 
0 | 2.08 


+2, 0 2 and 0 0.463 


1.310 
2.93 


+1 2 
0 Oand 2 


These groups present no difficulties from the view- 
point of an extreme single particle model if it is supposed 
that the effective magnetic moment of the odd nucleon 
when bound to the core is substantially reduced from 
the free nucleon values.*~'’ However, as emphasized in 
recent publications,” the existence of many closed 
(+1) shell nuclides with magnetic moments close to the 
appropriate Schmidt limits is difficult to reconcile 
with a large systematic modification in the magnetic 
properties of the bound nucleon. 

An alternative working hypothesis puts the major 
share of the responsibility for the deviations from the 
Schmidt limits on the failure of LS coupling within the 
bounds of a pure doublet description."''* The ground 
state is represented by a linear combination of pure LS 
coupling components, one with L=/—} and the other 
with L'=I+4, both components having the same 
parity: 


Wy = WV y+ (1 — 8?) Way (12) 


The model of an odd nucleon coupled to a non- 
spherical core provides an unforced theoretical basis for 
the failure of LS coupling. Bohr! has shown that this 
model is the dynamical equivalent of Rainwater’s’ 
spheroidal core considerations. In the present study we 
investigate the conditions under which the model is 
likely to produce an extreme failure of LS coupling 
after first determining the extent to which LS coupling 
fails when j is treated as a constant of motion. 


III. MAGNETIC MOMENTS WHEN j IS A GOOD 
QUANTUM NUMBER 


We consider the case of strong spin-orbit interaction 
and close coupling between the orbital motion of the 
odd nucleon and the motion of the deformed core. 


8 F. Bloch, Phys. Rev. 83, 839 (1951) 

*H. Mujazawa, Prog. Theoret. Phys. 6, 263, 801 (1951) 

1 A. de Shalit, Helv. Phys. Acta 24, 296 (1951) 

4 J. P. Davidson, Phys. Rev. 85, 432 (1952) 

2 E. Feenberg, Ann. Rev. Nuc. Sci. I, 43 (1952) 

3 CU NY OV FY KY and Pb”? are mentioned in reference 
11. The list should include gsBasi, and Aus (closed dy shell at 
Z=80 followed by sy shell closing at 82). The magnitude and 
sign of the quadrupole moment of wAuus [W. von Siemens, 
Naturwiss. 38, 455 (1951) ] support the single particle interpre 
tation. 

4G. L. Trigg, Phys. Rev. 86, 506 (1952) 





858 . P. DAVIDSON 


TABLE II. Magnetic moments for nucleon states with a 


definite value of 7. 


Odd proton Odd neutron 

j Be wy Boal 
fae -1.91 ~1.91 
2 1.91 ~0.90 
3. 1.91 -1.07 
4. 
5 


“In w= 


1.91 1.17 
1.23 


NNN NR hb 
hr Nm NM he ho 


( —1,91 


= 


0.27 0.63 0.63 
0.31 
0.91 
1.65 


2.46 


Cn w— 


~ 


NNR NR hd Nh 
ho NR NH hb N 


0.37 
0.56 
1.16 
1.90 


oN 
NNN N 
OH 


0.86 
1.96 
3.24 
4.42 
5.53 


CoN Ow 
ny, ne Sk 
NON NR RO NO 
RNRNNN 


Under these conditions there exist solutions for which 
the angular momentum components J; and 7; are 
approximately constants of motion. The product 
function, 


Wa = glx’ Dur'+(—1)!x_PDwuy,-1'], (13) 


is a close approximation to such a solution.’ Here x47’ 
is a normalized nucleon wave function with j;=+/, 
Dy, 41' describes a state of a symmetrical top with total 
angular momentum /, /;= +/, /,=M, and ¢ embodies 
the zero-point fluctuations of the surface waves. 

The detailed numerical evaluation of the energy 
matrix in the space of the strong coupling wave func- 
tions indicates that strong coupling is an extreme case 
rather far removed from the actual situation. Never- 
theless, the simplicity of the strong coupling model is 
sufficient justification for a careful examination of all 
its consequences.'® 

Consider first a nucleon state with a definite value of 
j. The magnetic moment operator of the compound 
system has the form 


Mej* £5 t g-(I—J) 


- (g,—g.)j4+ gel, (14) 


in which wj=g,7 is the magnetic moment of the odd 
nucleon on a spherical core and g.~Z/A is the gyro- 
magnetic ratio of the core.'® The magnetic moment 
computed from Eq. (14) is 


(IM | 1-j| TM) 


Mey; 1 = Rel +(8;— Be) (15) 


TH 


in which (1M |1-j|/M) is the diagonal matrix element 


6 We are indebted to Dr. N. Kroll and Dr. L. Foldy for valuable 


discussions on the subject of the strong coupling approximation. 
‘6H. Margenau and E. P. Wigner, Phys. Rev. 58, 103 (1939). 
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of I-j with respect to the wave function of Eq. (13). 
Straightforward calculations yield 

I3j3V wi =PY y', 


(Lijitlej2)¥ ' =$021(G-14+1)G+1) Jig 
Ex! at (— 1)! x14 1D, —141). 


(16) 


In deriving Eq. (16) it must be remembered that the 
components of I and j with respect to the principal 
axes of the core commute and also that jXj=ij, the 
normal commutation relations, for both space and body 
fixed axes, but Ix I= —iI for body fixed axes. Equation 
(16) implies 


(IM\I-j)/M)=P, I>}, 
= 101+ (—1)!-1(2j+1)], 


and, consequently, 


/ - 1 
[gil +g], 
1 


Mej31= I>}, (18) 
I 


Me). 4= 6 She + (gi— ge {1+(—1)!-“(27+1)} J. (19) 


In particular, 


= Be— §M3. (20) 
Equation (18) with /= 7 is not new,"’ but the important 
restriction to 7>} has not been observed in previous 
applications. Numerical results are listed in Table II. 

Excellent agreement of y.r,7 with the general trend 
of the experimental moments is found"? for 7=/+-}>}. 
Two examples of extreme departure from the appro- 
priate Schmidt limits may be interpreted in terms of a 
failure of 7 and 7 as good quantum numbers; the 
moment of 33;Aq suggests approximately equal parts of 
Mey. aNd eg. (odd parity) while that of s3I74 can be 
fitted with two-thirds y.s.; and one-third pyzj2,4 (even 
parity). Close coupling of fy and p; orbitals through 
the mediation of the distorted core is a reasonable 
possibility on the range 29=Z~=38; similarly an ex- 
ample showing close coupling between gz7/2 and dy is not 
unexpected on the range 51=Z=58. 

For T=/—}3, wer. is generally only slightly better 
than yu; leaving a substantial discrepancy between the 
theory and the general trend of the experimental 
moments. The possibility of a partial decoupling of | 
and s must be considered here since a state with /= 7 
=/—} is coupled through the distorted core to j’=/+-}. 
One needs the nondiagonal matrix element of the 
magnetic moment operator 


(1-4, 1—4| g.5st+-gils|14+-4, 1—}) 
= (g,—gi)(2/)'/(2/+1) 
= 4.58(21)!/(2/+1), odd Z 
= — 3.82(21)'/(2/+-1), odd NV. (21) 


174. Bohr, Phys. Rev. 81, 134 (1951); all the B curves in 
Figs. 1 and 2 of this reference should coincide with the A curves 
at J=} 
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If now 


Wr =(1— BIW er + BWV eric (22) 


the correction to the magnetic moment is 
Mi Mer, ~ B(g,— gv (27 +1)1/(7+1) 


for B°<«1. Rather small values of 8? are able to account 
for most of the observed deviations. Thus, at J=7/2 
and odd Z a correction of 0.8 nuclear magneton 
requires 8°~0.06. Both odd V and odd Z require 
negligible corrections at 7=} and $ and the positive 
sign for 8 at J>3 

The remaining important special case is /=} (even 
parity). Here the coupling between *s; and *d; through 
the distorted core provides a possible explanation of 
magnetic moments far removed from the *s; Schmidt 
limit. The calculations are described in a later section. 
IV. RESOLUTION INTO LS COUPLING COMPONENTS 

WHEN j IS A GOOD QUANTUM NUMBER 

We return to the strong coupling wave function of 
Eq. (13) under the restriction that / and 7 are good 
quantum numbers. The resolution of Wy! into LS 
coupling components is accomplished by the introduc- 
tion of projection operators 

P uy yi £4 = 0, L= I+} 
=1, L=/J+}. 


(23) 


eased 
yr t4=((I—S)?— (7 — 4) (7 +4) / (2741) 
= (1+1—2I1-S)/(27+1), 
Py §=(04+4)(74+3)-(1-S) 
= (1+21-S)/(27+1). 
These relations and Eq. (12) yield 
a’ = (IM | P,,7! , IM), 
independent of M. 

In the body fixed reference frame, the components of 
ITand S commute; this fact and the relations Ix I= — il 
and SXS=iS yield 

41-SI-S=/(/+1)—2LS, 
in agreement with the idempotence property of the 
projection operators. 

The substitution 

I-S~(1-j)G-S)/LjG+1) } 

= (I-3)(—1)'*4-7/ (2/41) 
leaves unchanged all matrix elements of I-S in the 
function space defined by W_;'---W,’. Consequently 
the projection operators can be expressed in the 

convenient forms: 
(1+ 1)(2/4-1)- 

Py t= 

(27 +-1)(2/+1) 


1(2l+1)+21-j(—1)*3 
Py! ‘= 


)? }/ (27 +1) 


(27) 


(28) 


(29) 


21-j(—1)!'*) 


(27-+-1)(21-+1) 
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For /=} the statistical weight of the °S; component 
in Wy of Eqs. (9) and (13) is 


_ BH t+ (— DGD O 
4(2/+1) 


— 


j= sk 


/=0, 
I=, j 


=0.4, /=2, j=/+1=}. (32) 


In the same way, the statistical weight of the LS 
coupling component with L=/—} in Vy! for />} is 
1(2l+1)+2F(—1)'*? 
(27+1)(2/+17) 
2! 
= : j=l+}4= 
(27+1) 
/ 


- " j=l - }= f. (33) 
(7+1)(27+1) 


Maximum mixing occurs at /= 3 with 75 percent P; 
and 25 percent D,; from a nucleon in a py, state. 

The orbital gyromagnetic ratios are quantities of 
interest in connection with the resolution of Wy‘ into 
pure LS coupling components. To compute these 
quantities we start from the operator for the orbital 
magnetic moment: 


worn =eil+g-(I—j) 
=(gi—ge)i—KS+ gel. 
The easily verified relations, 
(j, I-SJ=[S, I-S]= 
=iIxS, 
have the consequence that wo, commutes with I-S and 


therefore also with the orbital angular momentum 
projection operators. This property enables us to write 


Born! ACT! Pr! *3| IT) 
sd U1 Depo Por! 


, (26), and (34), 


(35) 


th! 77)/(1+1). (36) 


Krom Eqs. (25) 


Te won Pur! t= 


Re 
C(+1)1-j—21-j1-S) 
+1 


+I Lg (T+) +4e Pur! 


gy &, 
I. toepPoys! t= ——_((-j) + 20-j-S] 
27+1 


+(+1)[ gl i (38) 


— $81) Put! 
Since the operator I-j does not mix the two values 
of 7 associated with the given /, the substitution 


I. j1-S~(1-j)?(—1)!/(214+-1) (39) 
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TaBLe III. Values of gor”. 


0 


0 


0.760 
0.600 
0.280 
0.835 


0.160 
0.267 
0.480 
0.110 


0.829 
0.700 
0.571 
0.870 


0.114 
0.200 
0.286 
0.086 


0.867 
0.760 
0.689 
0.893 


0.089 
0.160 
0.208 
0.071 


0.073 
0.133 
0.164 
0.061 


0.891 
0.800 
0.755 
0.909 


is permitted in Eqs. (37) and (38). Equations (16) and 
(17) suggest the procedure followed in computing the 
diagonal matrix elements of (I-j)?; these are found to 
have the values 

(35 | (1-3)?| 23) =aeL1+(— 1)! "(2j+- DF, 

(17| (1-3? | J) =P(P+1), T=7>}. 


Orbital gyromagnetic ratios g, for the odd nucleon- 
distorted core system are defined by the equations 


(40) 


Morb! t= (T—4) porn! 3 L=I-}; 


I(I+3) 
Morn! t4= ane Lorvit?, L=I+}. 
+ 


For /= j=} and /=0, both left- and right-hand 
members of Eq. (36) vanish. In this case no calculations 
are needed to establish the absence of an orbital 
contribution to the magnetic moment. A more inter- 
esting check is supplied by 7= j=}, /=1 (a pure *P,; 
state). Now 


(42) 


and gorn’ t4=g, 


I+} 20 
Morb = ace 


in agreement with expectations. 
General formulas for g, are listed below 


j L L 
l+ 
l+ 
/- 
l 7 


Zorb 
£1) (/ + 1) 
- £1) (1+ 3) 
g)(22+14+1)/ (+3) (22+2/+1) 
- gi)21/ (+1) 4). 


git (ge 
git 2(g, 
git (ge- 
~1 git (g. 


ab 
_— 


tom Rom Dol RO 


a, Qin Gey Gee 


(43) 


These formulas with g:=1 (odd proton), gi=0 (odd 
neutron), and g.=0.4 are used to compute the values 
of gorn” listed in Table III. 
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There is little resemblance between these numerical 
results for gor»’ and the values postulated in the 
S—MW interpolation procedure employed by Trigg 
and Davidson." Possibly these differences reveal the 
crudeness of the S—MW interpolation procedure; 
however, the inadequacy of the distorted core model in 
regard to magnetic moments for /= j7=/—} suggests 
that judgement should be reserved on this question. 

Equations (33) and (43) can be used for a simple 
alternative derivation of the magnetic moment formula 
of Eq. (18). This procedure is useful in providing a 
partial check on the formulas for a and gor”. 


V. MATRIX ELEMENTS OF ,Aia: 


We compute matrix elements of ;//int in the linear 
approximation of Eq. (7). In the jm; representation 
with the axis of quantization along the symmetry axis 
of the core the diagonal matrix elements are! 

5 \! 3m?—j(j+1) 
(jm) Hint jm) = bal ) —,. 
4 47(7+1) 
in which 


kni=DR'®R,7(R), (45) 


and R,, is the radial function of the state occupied by 
the odd nucleon. Since this matrix element vanishes at 
j=}, there is no direct coupling between a nucleon in 
a p, or s; orbital and the surface oscillations of the core. 

For each value of | m;| there exists a low state of the 
compound system with total angular momentum 
[= |m,|. The ground state is associated with maximum 
absolute value of (jm; :Hint jmyj), i.e., with 


5\) 2j-1 
(J, = oF | Hint 1, + j)= bul ) ayo———, 
42 4(j+1) 


(46) 
and /= 7; the next largest absolute value of the matrix 
element occurs at 7=!mj;|=4 with 


(j, +S Hint! J, + }) 


5\! (2j—1)(2j+3) 
4 16j(j+1) 


One exception must be noted; at 7= 3 the absolute 
value of the matrix element is independent of m,, 


1/53 
(3, +3| Hint 3, 1) = barf ) 4» 


4 


Pe) 


1f5\3 
(3, +3) Hint! ;, +})= ba(- ) do. 


(48) 


5\4n 


In this case the dynamical theory of the coupling 
between the odd nucleon and the surface oscillations 
should yield two closely spaced low levels, one with 
1 =3 and the other with /=}, both having the same 
parity as the odd nucleon state. 





DEVIATIONS 


Equation (2) clearly implies that / and 7 are not exact 
quantum numbers. A number of nondiagonal matrix 
elements are actually quite large, large enough in some 
cases to invalidate the usual implicit assumption that / 
and 7 are good approximate constants of motion. 
Elementary calculations yield the following results: 
CX i441 a} Fine! 7 Xi-2.2 3) 


P] 2 


5\3 (21)! 
~~ tas3f ) : 
4n7 (2/+-1)(2/4-3) 


connecting two states with the same /; and 
7X44 c44) Aine |?Xe—4, 144) 
5\/  24(/+1)! 

4nJ (21+-3)(21+5) 
CPX reg c44) Aine! 7X vay, 44) 

5\!  (/+1)! 

= —Hae3f ) —_—_————,_ (51) 

4a (21+-3)4(21+-5) 
connecting / and /’=/+-2. Reversing the sign of my=/+} 
multiplies the matrix element by the factor (—1)?~”. 
Here k’ denotes the geometric mean of the k’s associated 
with the nl and n’l’ states. Extensive calculations'® of 
particle densities in oscillator potentials and rectangular 
wells show that k’ and & generally differ by less than 
20 percent. In the following we ignore the difference 


and replace k’ by k. 
Special cases under Eq. (50) of particular interest are 


(*55, +} int "dy, +})= + kh’ ao (107)}, 


(py, +3! Mine|* fy, £3) = FR'a03/7(Sx)!, 


(52) 


1/5\3 
(dy, 5/2) Hint |2gz/2, £5/2) = FR’ao ( ) 


5 


Or 


Comparing Eqs. (48) and (52) one sees that the coupling 
energy between *s; and *d; through the mediation of the 
distorted core is indeed quite large; in fact, larger by a 
factor 2! than the diagonal matrix elements of Hint for 
the *d; state. 


VI. COUPLING OF *s; AND *d; NUCLEON STATES 


Consider the group of nuclides with J= 3 and even 
parity. Experimental evidence locating a state with 
=} and even parity close to the ground state exists 
for many of these; for the others the existence of such 
a low-lying level can be inferred from the sheli model. 
We write 


x44= Bx(?5y, +H) (1—6*)!xPdy, +3) 


in the static approximation for the core, and proceed 


(53) 


8K. C. Hammack, Doctor’s thesis, Washington University 
(1951) (unpublished). 


FROM Ls 


COUPLING 861 


to compute the energy and the amplitude 8 from the 
relations$ 
BLE— $C Ag? }+ (1— B*) 'kao/ (104)! =0, 


Bkay/(10)!+ (1— 8°) STE— AE+ kao/ (20x)! 
—4Ca,? |=0. 


(54) 


Here AE denotes the excitation energy of d; relative to 
s,; when the core is spherical; negative AE means d; 
below sy. 
With the notation 
AE= nk? 20r¢ A T= (202) do k, (55) 
the lower of the two eigenvalues determined by Eq. 
(54) is given by the formula 


E20nC/k?=}[n—y+y'— (8y’+(n—y)*}4]. (56) 


The detailed analysis of Eq. (56) yields the result that 
B°/(1— 8?) lies between 2.0 and 0.5 and y between 1.67 
and 2.00 on the range 0=n==3.33. The corresponding 
values of uw range from 3} to } (approximately) of the 


Schmidt value. 
VII. ROTATIONAL AND ZERO-POINT ENERGIES 


Equation (54) represents a static approximation in 
which the rotational kinetic energy and the zero point 
vibrational energies are neglected. Bohr’s equations (50) 
and (98) in reference 1 yield the following operator for 
the rotational kinetic energy: 


h? 
Prot= ee —(1(1+1)+ j(7+1)-1?- Ie 
6Ba,* 


— Vi jit lej2)), (57) 
subject to the restriction j;=/;=/. The diagonal 
matrix elements of 7,.¢ can be computed with the help 
of Eq. (17) and have the values 


h? 
— for 
2Ba,? 


f= j=j, 


— for I=}, j=}. 


Ba? 


Here B= }poR°, po denoting the mean density of nuclear 
matter. In the absence of coupling to a *s; state the 
energies are given by the minimum values of 


(209C/k) Eey.y=yt+4¥+0'/2y%, 


(59) 
(200C/R)Eyiy= —y thy +1/9, 


(208k)? C* 


I ——— 


: (60) 
Bk 


§ We are indebted to Dr. A. Bohr for calling our attention to 
an error in a first statement of this problem. 
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TABLE IV. Values of the physical parameters. 


A c* k* k?/20nC* =k / (20%) h?/ B* 


0.123 0.50 
0.080 9.0 0.023 


0.613 
0.400 


31 41.5 40 
203 63.8 40 


* Energy in Mev units 


Numerical values of the physical parameters are listed 
in Table IV. 
Equation (59) is a special case of the general form 


(20nC/R)E..1= —nythyt+n'T/2y¥? (61) 


in which 9 and 7’ are constants determined by 7 and /. 
In the extreme case of n/T!>>1 the minimum value of 
E,;., occurs near 

n>0O, 

<0, 


int(9’T)!, 
In—(n’T)!, 


and has the value 


20rC 
E.j.1= (o' T)S— | | (oT) PB a + --- (63) 


Pe 
Equation (62) yields a=—0.16 for = j=}, A= 203. 
The zero point energies Eg and E, of the distorted core 


[ Bohr’s equations (108) and (113) ] are given by 


(209C /k?) Eg= 20 /y¥+4(1p/C)3 


| (64) 


a 
8n’? 1287 (7’T)! 


(209rC /k?) EB, = (290 / "01+ | ny*| /2n'T }} 


Q2r)t1—| nl /4(7'P)! 


+ (4%5 — 7? 64)/(n'T)I+--- |. (65) 
The zero-point energy of the spherical core [Bohr’s 
equation (9) | is 


2016 209 5S fh’C\! 
oe ( ) 

k? ee ZkOB 
2)T'. (66) 
A necessary condition for the validity of strong 
coupling is that the diagonal matrix elements of the 
energy are lowered by the introduction of the Rainwater 
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interaction. This condition takes the form 


E.;,1+ Est+ E,— E.. <9. (67) 
It is easily seen that Eq. (67) fails for P>>1 and 7/T>>1. 
A numerical example will make this clear. At A= 203, 
j=1=}, n= —-1, r'=1, P=9, 


(20rC/k?)E.4.4= 1.14, 
(20rC/k*)E3=7.16, 
(20rC/k*)E, = 3.74, 
(20rC/k*)E,=7.5, 


(F3;3+-Est+E,—£.)=1.8 Mev. 


These results show that the numerical values of the 
physical parameters are inconsistent with the assump- 
tion of strong coupling embodied in Eq. (13).!% An 
alternative treatment employing the occupation num- 
bers of the surface oscillation states as diagonal vari- 
ables is indicated.” 

We turn now to estimate the influence of the rota- 
tional kinetic energy on the location of the /=} state 
when *s; and *d; nucleon states are coupled through the 
distorted core. The energy formula Eq. (56) is re- 
placed by 
(20rC/k*)E,=43[n—yt+v+) y" 


{8v’+(n—y+I'/y?)?}4]. (68) 
Numerical results appear in Table V for a particular 
value of 8/(1—8*)' corresponding to a moment ap- 
proximately midway between the Schmidt limits. The 
example at A= 203 shows the substantial influence of 
the rotational kinetic energy on the location and magni- 
tude of the energy minimum under relatively favorable 
conditions for the validity of the strong coupling ap- 
proximation. It appears that a perturbation method 
appropriate to a weak coupling description is more 
likely to provide a satisfactory solution of the dy- 
namical problem, particularly for small values of the 
mass number. 

One of the authors (JPD) wishes to thank the Central 
Administration of Washington University for the grant 
of a University Fellowship under whose tenure this 
work was done. 

TABLE V. Coupling of 5, and *d3, 8/(1—6?)!=1. 
206 ke) ky 
0.00 


—(.41 
—().87 


A I n y a 


0.28 
0.20 


90 20.7 0.24 2.83 
203 9.0 1.06 2.50 
ea 0.0 1.91 1.91 


The strong coupling approximation appears to better ad 
vantage when two or more equivalent nucleons are coupled to the 
core (private communication from K. W. Ford). 

”L. L. Foldy and F. J. Milford, Phys. Rev. 80, 751 (1950). 
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APPENDIX A 


We evaluate the allowed beta-decay matrix element 
Jo|* for image transitions. Trigg'* has shown that 


JSo\?=((1+1)a®—1(1— a’) F/(7(+1)). (Al) 
Introducing a from Eq. (33), we get 
Soa ?*=1/([+1), [= j=l+}>}, 


=[7/(1+1)]}§, 1=j=l—}>}.  (A2) 


Thus, the coupling to the core leaves the ratio for /+4 
and /—} unchanged relative to the values for pure LS 
coupling, but reduces both by the factor /*/(7+1)?. An 
alternative derivation starts from the equivalence 
relation, 
FO aad ats 
o~ (A3) 


I+1 2+1 
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Then 


ip? Pood 
fe a ah 
| T+ (449 


in agreement with Eq. (A2). 
APPENDIX B 


The diagonal matrix elements ef (I—j)’ and (I—}j)' 
can be evaluated with the aid of Eqs. (16), (17), and 
(40). Results are 


($M | (I—j)?|4M)=(G94+)Lj+3-(-— D3]; 
(IM | (I—j)?|1M)=21, I> 
(1M | (I—j)*| 7M) =2(27)", 


1 
2 
I>}. 


For 1=4, Eq. (16) shows that (/— 7)’ is a constant of 
motion. 
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A Third Rydberg Series of N, 


R. Epwin WorLEY 
Department of Physics, University of Nevada, Reno, Nevada 
(Received October 31, 1952) 


A third series of Rydberg bands, converging to the *II state of N2*, has been identified in the far ultra 
violet absorption spectrum of nitrogen. Its interpretation substantiates an assignment of vibrational 
numbers for the 21] state, and indicates that this state is derived from the o state of Nez 


WO series of Rydberg terms have previously been 
identified for No, one! converging to the X * 
state of N.+, the other* to the excited B*Y state. I 
shall refer to these as the Y—X and the B—X series, 
and discuss here a third, or A —X, series that converges 
to the A “II state, about 1 ev above the ground state. 
Some years ago Professor Mulliken suggested I 
examine my spectrograms of the far ultraviolet absorp- 
tion of No, with the object of identifying the corre- 
sponding bands and thus locating the *II state. How- 
ever, due to overlying absorption on the best plates 
(nitrogen pressure. too high), this proved unfeasible. 
The recent identification of *1I—* bands of N2* by 
Meinel,® in auroral spectra, affords an approximate 
value for the limit of the anticipated Rydberg series. 
I have accordingly re-examined my plates, and have 
found five distinct bands*® which fit the following Ryd- 


1 R. E. Worley and F. A. Jenkins, Phys. Rev. 54, 305 (1938). 

2? R. E. Worley, Phys. Rev. 64, 207 (1943). 

3 J. J. Hopfield, Phys. Rev. 36, 789 (1930). See also Takamine, 
Suga, and Tanaka, Sci. Pap. Inst. Phys. Chem. Res. Tokyo 34, 
854 (1938). 

4R. S. Mulliken, Phys. Rev. 46, 144 (1934). 

5 A. B. Meinel, Astrophys. J. 114, 431 (1951); 112, 562 (1950). 

6 Most bands referred to herein are listed in Table I, reference 2. 
Omitted were the following (cm™): 123 995* (m=3); 124 069* 
(footnote 8). Recently measured for use in Table I herein were 
122 068; 133 995; 135 361 cm™. 


berg formula with residuals of +1, —2, +2, +2, —2 
em". 

Ym = 136 607 — R/(m— 0.0441 —0.018/ m)*?; m=2 to 6, 
R=109 735 cm. The bands are rather narrow, are 
shaded to longer wavelengths, and show but one head. 
Starting with the first member, intensities progressively 
decrease in a normal manner, the values being com- 
parable to those of corresponding Y—X bands. The 
upper term for the first band is the v= 1 level of state o. 

Dalby and Douglas’ have photographed the *II—? 
bands of N2* at large dispersion, using a laboratory 
source. From preliminary results of the analysis, kindly 
supplied by Dr. Douglas, the empirical series limit, 
above, is found to correspond to the v=1 level of the 
*II state, and apparently to its upper component *IIj. 
The position of this component, as found by adding 
voot+ AG(3)+4A to the limit of the ¥—X Rydberg 
series,” is 136597 cm above the ground state of No. 
In fact, if the heads of the higher members of the X¥ — X 
series represent origins—that is, if they are of Q-form 
as is suggested by the extreme narrowness of the bands 
—and if a computed origin-to-head interval is added 


7F. W. Dalby and A. E. Douglas, Phys. Rev. 84, 843 (1951). 
See also R. Herman, Compt. rend. 233, 926 (1951); N. D. Sayers, 
Proc. Phys. Sec. (London) 65, 152 (1952). 
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TaBLe I. Values of AG for the Rydberg terms. 


4G(1/2) 


1962 
(1927) 


4G(3/2) 


1917 


1863 
(1860) 
(1853) 


1843 


1886 
1883 
1872 


to the figure just given, the limit predicted for the 
present series is 136 609 cm“. 

Professor Mulliken (private communication) points 
out, however, that this feature is readily explained if 
the upper terms of the A—X absorption bands are 'Z, 
as is suggested by their appearance. *2 terms of the 
same electron configuration will then converge to “II, 
and observable transitions to these terms from X !Z(.V2) 
are not expected for m= 4. But absorption may become 
discernible for higher values of m, due to the mixing 
of wave functions of the singlet and triplet states with 
change in coupling of the excited electron. Very weak, 
hence somewhat doubtful, heads are indeed found for 
m= 5 and 6, displaced to lower wave numbers by about 
110 cm™ and 90 cm~", respectively. If we accept con- 
vergence of this series to *II,, no absorption bands con- 
verging to the “Il; component, which lies about 80 cm™! 
below II,, were evident.* 

The B—X and the strongest XY —X absorption series 
of Ne consist of bands for which v’=0. That the A —X 
bands correspond to v’=1 is attributed to a somewhat 
greater internuclear distance of the excited terms of 


* An alternative interpretation of these details is suggested by 
the presence of second heads lying 74 cm™ and 70 cm™, respec- 
tively, to shorter wavelengths from the bands for m=3 and 4. 
May not the observed series converge to ?II}, while these other 
bands converge to #1? The bands for m=5 and 6 are unobscured, 
but no double heads are found here; nor is there a second head for 


m= 2 (state oe). 


WORLEY 


these bands, as compared to those of the other two 
series (Franck-Condon principle). A larger internuclear 
distance is clearly indicated by the low intensity of the 
v’=0 band of the o—X progression. For the higher 
Rydberg terms, a few heads have been found that 
correspond to v’=0, and it appears that their intensities 
increase relative to bands with v’=1. (A similar trend 
with increase of m is seen in the Y—X bands.) A few 
possible heads are found also for vo’ = 2. The correspond- 
ing AG($) and AG($) values are shown in Table I. 
Because of overlying diffuse absorption, some of these 
identifications for v’=0 and 2 are questionable, but the 
more reliable AG intervals show a reasonable correla- 
tion between the o term of No (m=2) and the *II term 
of Not. 


TaBLe II. Data and vibrational analysis, state o of No. 


Int. 


vy (cm!) 


105 694.5 
7657.0 
9574.4 


Vibrational constants (from band heads) 


w, = 2020.00+0.07 cm™ 
wX,= 32.28+0.03 cm™ 
WeVe = 2.167+0.004 cm™ 


111 459.8 
3326.1 


In conclusion, this assignment and identification of 
bands in the absorption spectrum confirms the vibra- 
tional numbering for the *II state of N2* as proposed by 
Dalby and Douglas,’ and by Meinel.® It also identifies 
the o state of N2 as the parent term from which ?I1 is 
derived by removal of an electron. Table II lists the 
intensities and wave numbers of the o—X absorption 
bands,’ and gives the vibrational constants of state 0, 
as derived from these data by a least-squares solution.'® 

® The weak head for v’=4 is not listed in reference 2, as it was 
incorrectly attributed to a rotational perturbation in an overlying 
band. (In Table II, the v’ values run from 0 to 4.) 

R. T. Birge and J. W. Weinberg, Revs. Modern Phys. 19, 
298 (1947). 





PHYSICAL REVIEW 


VOLUME 89, 


NUMBER 4 


Measurement of Magnetostriction in Single Crystals 


R. M. Bozortu anp R. W. HAMMING 
Bell Telephone Laboratories, Murray Hill, New Jersey 
(Received October 30, 1952) 


A simplified procedure is given for determining the 5 magnetostriction constants of a single crystal of a 
ferromagnetic cubic crystal. The crystal is cut as a disk parallel to a (110) plane, and strain gauges are 
cemented to the surfaces to measure strains in [001] and [111] directions. A magnetic field sufficient for 
saturation is oriented in 10° steps at various angles to the [001] direction, and magnetostriction is measured 
over a 90° range for each gauge. Each of the 18 data is then multiplied by suitable numbers, obtained by 
inversion of the strain matrix, to give the constants /,---+hs. The method is applied to a crystal of a 78 
percent nickel-iron alloy to determine the magnetostriction associated with spontaneous magnetization in 
the [111] direction: Ay = 2/2/3+2h5/9, a quantity important in the “Permalloy problem.” The constants 


are also determined for a single crystal of nickel. 


INTRODUCTION 


magnetostriction at saturation of single 


HE 


crystals of cubic ferromagnetic materials, such 
as iron and nickel and their alloys, is often described! * 
by a 2-constant expression, but is more accurately 
described by the following expression in 5 constants* 


\=hy(ay’B,?+ a? B+ a3’B3?— 1/3) 
+ 2ho( a 0281824 a2038283+ 3048381) + hss 
+hy(aBy?+ at Be+ a3'B3?+ 25/3—1/3) 
+ Phs(ayavra?B Bot avrayay?BoB3+ ayaae"B38)), (1) 


where 
$= aay" + asa - + aya’. 


Here X is the fractional change in length measured in 
the crystallographic direction having the direction 
cosines 8), 82, and 8; with respect to the crystal axes, 
when the crystal is magnetically saturated in the 
direction having direction cosines a), a2, and a;. This 
equation gives the change in dimensions of a portion 
of the crystal, which is originally nonmagnetic, when it 
is spontaneously magnetized as a single domain in the 
specified direction. It also represents the changes in 
dimensions of a crystal composed of many domains, 
if they are originally oriented so that there are equal 
numbers in each of the crystallographically equivalent 
directions of easy magnetization ({111] directions in 
nickel, [100] in iron). 

In previous work the constants have been evaluated 
only in nickel.! The present paper describes a new 
simplified procedure for determining these constants, 
and evaluates them for a crystal of nickel, and for a 
crystal composed of 78 percent nickel and 22 percent 
iron. This composition was chosen because (1) it is 
nearly that for the highest magnetic permeability of 
any of the binary iron-nickel alloys (Permalloys), and 

'R. Becker and W. Doring, Ferromagnelismus (Julius Springer, 
Berlin, 1939). 

2R. M. Bozorth, Ferromagnetism (D. Van Nostrand Company, 
Inc., New York, 1951). 

3 This applies to crystals having [100] as the direction of easy 
magnetization (e.g., iron). When f11t] is the easy direction, the 
term /,/3 must be subtracted. 


(2) the permeability is known to have a close connection 
to the magnetostriction. More particularly it is known 
from recent work‘ that the saturation magnetostriction 
in the [111 ] direction (Aj1;) goes through zero at about 
the composition at which the permeability is a maxi- 
mum. For a careful test of this coincidence, the compo- 
sition for A,;,;=0 should be known with some accuracy. 

In order to determine A,;;, it is not sufficient to 
measure the change in length which occurs when a 
crystal is magnetized to saturation in the [111] direc- 
tion, because the result of such a measurement depends 
on the initial domain distribution. The usual procedure 
in determining the saturation magnetostriction, so that 
it is independent of the initial distribution, is to measure 
the change in length when saturated in that direction 
(X,), and then the change when saturated at right angles 
to that direction (A,), the difference between these 
changes being independent of the initial domain 
distribution A=3(A;—A,). However, Ai; cannot be 
determined accurately in this manner, for evaluation 
of Eq. (1) shows that, although 


Ain = 2he 3 + 2hs 9, (2) 


nevertheless the difference in the magnetostrictions 
measured when a crystal is saturated first in the [111 | 
direction and then in the perpendicular [211 ] direction 
is Avi— Avit=he+ 2h5/9. Similarly, by saturating first 
in the [110] direction and then the [110] direction, 
at right angles, we find that 


Aino Aito= hy. 


However, Ay, can be evaluated by measuring the 
change in length first in the [111] direction and then 
in the [111 ] direction, in the (110) plane, the difference 
being (2h2/3+M3/3+ 2hs/9) — (— 2h2/9+-hy/ 3+ 2hs/ 27) 
= (4/3) (2h2/ 3+ 2hs/9=(4/3)Ain. In our experiments 
we have determined the 5 constants in the way to be 
described and then combined hy and hs according to 
Eq. (2). 


‘R. M. Bozorth and J. G. Walker, Phys. Rev. 88, 1209 (1952), 
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Tape I. Matrix elements for calculation of magnetostriction constants: 4,= 2 6;,A;. For data for quenched 78 percent nickel, 
Tia | 


given in last column, derived h’s are given in Table ILI. 


bi) 


0.3407 
1.1794 
2.0546 
2.4508 
2.0527 
0.9084 
—0.5766 
— 1.8134 
~2.2924 
3.9283 
4.39605 
2.5990 
0.3242 
0.9972 
1.0053 
0.5485 
1.1835 
4.2853 


oe 


SS © 


1.8917 
0.1363 
0.9712 
0.9598 
0.2253 
+0.2015 
0.7800 


EXPERIMENTAL PROCEDURE 


Changes in length caused by magnetization are 
measured using the strain-gauge method described by 
Goldman.® For our measurements the gauge is cemented 
to a crystal disk in one position, and the disk is magnet- 
ized successively in a number of directions. Thus the 
B's of Eq. (1) are fixed and the a’s varied, measurements 
of \ being made for a number of a’s sufficient to 
determine the / constants with reasonable accuracy. 

The choice of the crystal plane and the gauge position 
are important. If the crystal is cut parallel to the (100) 
plane, Eq. (1) shows that some of the terms become 
zero, so that evaluation of all of the constants is 
impossible. As a result of calculation it was decided to 
cut the crystal disk parallel to a (110) plane and place 
the gauge first parallel to [001], then parallel to [111 } 
(respectively, 0° and 55° from the [001] direction). A 
magnetic field, sufficient to saturate the crystal, is 
applied to the [001] direction and at various angles 6 
to this direction up to 6=90° in steps of 10°. The 
observed values of magnetostriction, measured in the 
direction of the gauge when the field is reduced to zero, 
are designated Ag. In order to eliminate the effect of 
initial domain distribution, the data are then given in 
terms of Ag—Ao. The /A-constants, adjusted for least 
square fit, are then derived from these 18 data as 
described in the next section. 

It is important to align the gauge accurately so that 
it will measure the change in length in the specified 
direction. This is accomplished by observing the direc- 
tions of the gauge wires under the microscope and 
aligning them with a scratch on the crystal surface 
which has previously been drawn parallel to the re- 
quired crystallographic direction, as determined by 
x-rays. The accuracy of the gauge placement is esti- 
mated to be a few tenths of a degree. 


5 J. E. Goldman, Phys. Rev. 72, 529 (1947). 


A.(10)8 


—0.48 

1.83 

3.58 

—6.10 

-8.92 

~11.50 

- 13.28 

~14.35 

14.47 

2.9159 0.38 
3.3247 0.87 
1.5557 .24 
1.0708 50 
2.9206 59 
2.8593 1.57 
0.8153 1.40 
2.1742 1.14 
4.4587 0.81 


Sow uit 
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4.3965 
2.5990 
0.3242 
0.9972 4958 
1.0053 5080 
0.5485 0.8227 
1.1835 1.7752 
4.2853 6.4279 
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THEORY AND RESULTS 


Consider a cubic magnetic crystal cut parallel to a 
(110) plane, and a strain gauge placed on it so that it 
measures the change in length parallel to the [001 | 
direction. Let a magnetic field, sufficient to produce 
saturation in the plane of the crystal, be applied at an 
angle @ from the [001] direction. Let the fractional 
change in length resulting from application of the field 
at angle 6 be Al/i= Xp. If we measure Ag for each value 
of 6 from 8=0 to 6=90°, in 10° steps and substract 
from each Ag the value of Ag for @=0, we have 9 data 


which may be represented by A;=Ag—Ao=Aj, Az, °°, 
Ay. According to Eq. (1), we then can write 9 equations 


(i=1, -- 


ee Q) 


N= Ai hy +d hot - ++ +aj5hs, 


the a’s being the trigonometric coetlicients of the h’s. 
Because there are experimental errors involved, these 

equations will not be mutually consistent. If we know 

the correct values of the /’s, the observed value of one 


TaBLe II. Matrix elements for calculation of magnetostriction 
as dependent on angle @. Calculated values of A, for quenched 


78 percent nickel are compared with observation in Fig. 1. 


(Gauge 
@ direction 


100) 
100] 
100} 
100} 
100} 
100] 
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dat 


0.03015 
0.11698 
0.25000 
O.ALS1IS 
0.58682 
0.75000 
0.88302 
0.90985 
1.00000 

0 

0 

0 

o 

0 

0 

0 

0 
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adie 


0 

0 

0 

0 

0 

0 

0 

0 

0 
0.17128 
0.34201 
0.49158 
0.60197 
0.05985 
0.65825 
0.59735 
0.48451 
0.33333 


ay 


0.02947 
0.106071 
0.20312 
O.28514 
0.32856 
0.32812 
0.29823 
0.26439 
0.25000 
0.02947 
0.10671 
0.20312 
0.28514 
0.32855 
0.32812 
0.29823 
0.26439 
0.25000 


aa 


0.03975 
0.14913 
0.30208 
0.40554 
0.61025 
0.71875 
0.78750 
0.82283 
0.83334 

0 

0 

0 

0 

0 

0 

0 

0 

0 


0.01218 
0.05215 
0.11353 
0.17673 
0.217038 
0.21559 
0.16821 
0.08793 
0 





MEASUREMENT OF 
A, will differ from the correct value, calculated from 
the correct values of the /’s, by an amount (the “error’’), 


€)= dihi+ayhot ---+hishts—, 


and the sum of the squares of the errors in the 9 obser- 
vations will be a minimum when 


0 ’ y 
ya €? =()=2 = (aj, +4 joh2+ ab + dishts—A,)au, 
Oh, \i=1 isl 
or 
9 9 


= (ah, f++: +aishs)=>_ GyA;. 
i=] 


i=l 


Similarly four other equations are obtained by differ- 
entiating with respect to fe, ---hs. These 5 equations 


TABLE III. Values of the five magnetostriction constants for 
nickel and for 78 percent nickel crystals. Estimated probable 
errors are given in parentheses below the values of the constants 


78 percent Ni Fe 


78 percent Ni-Fe 
slowly cooled 


juenched Nickel 
68.8 10 
(3.8) 


20.9* 10° 
(0.7 


13.710 ° 


{ 36.5 
(0.3) 

17 
(0.5) 


1.4 
1.0) 


0.2 


are then solved for /, to hs: 
Ny = 6A: + by2d2+ - ++ + bigdg, 
hex b2;A,-+ boxXe + cot b29Aq, 


Ns= b51N1 + b52A24+ + * + O59Ay. 

For the case considered it is found that these equa- 
tions are not all independent. Consequently, a second 
gauge is placed to measure the magnetostriction in the 
[111] direction, and 9 additional data are recorded in 
a similar manner, with @ still representing the angle 
between the [001] direction and the direction of the 
field, and measured in such a sense that A is parallel to 
the field when @~55°. In practice the second gauge is 
cemented on the other side of the crystal. This set of 
data may be represented by Ajo, An, °*-Ars. The 
above equations are then changed to 


Ny= 6 y1A1 + by2roF+ + + + by. 5Ar, 
and so on. 
The values of the 6’s, obtained by solving these 


equations, are given in Table I. The values of A, to hs 


M 


\GNETOSTRICTION 


OBSERVED 
CALCULATED, [100] GAUGE 
CALCULATED, [111] GAUGE 


30 40 $0 60 
@, ANGLE BETWEEN ANDO [100] 


Fic. 1. Comparison of observed values of A, = A— Ao with those 
calculated from /;, ---, 4s for least square fit. \’s were measured 
parallel to [100] and [111] directions. 


are evaluated from the data, A; to Ays, and the coefti- 
cients, 5;; and 615.5, using the summation 


1s 
hyn=D Bindi. 
i=l 


The observed A,’s for the 78 percent nickel crystal are 
shown in the last column and the derived values of the 
h’s are given in Table IIT. 

It is desirable to compare the observed values of \ 
with those calculated from the constants /. The calcu- 
lated \’s may be obtained from the summation 


> inka. 


nel 


Values of the a’s are given in Table II. Using the values 
of the A#’s given in Table III for quenched 78 percent 
nickel, we find the agreement between the calculated 
and observed variation of A; with @ as illustrated for 
this crystal in Fig. 1. 

Similar data were taken for a single crystal of nickel, 
with the results shown in Table ILI. The results for 78 
percent nickel are also repeated here, and the probable 
errors for all of the constants. The results for nickel 
diverge widely from those derived by Becker and 
Doéring' from the data of Masiyama.® 

The values of the constant /; for the 78 percent nickel 
alloy and for nickel indicate a small volume contraction 
associated with domain orientation. These are the first 
determinations of this kind. However, the values of the 
constants are small and in most cases do not exceed 
the experimental error. In slowly cooled 78 percent 
nickel the error is low enough so that the probability of 
a finite value of 4s is 95 percent. In all of the specimens 
the values of 4, and As are not certainly different from 


ZETO. 


5Y. Masiyama, Science Repts. T6hoku Imp. Univ. 17, 945 


(1928). 
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Tasie IV. Longitudinal and transverse magnetostriction in (100) and (110) planes, as dependent on direction of 


measurement of change of length as shown in second column. 


Direction Mong 


2h; /3+2h./3 

hy /O+ Ne/ 2+ hs/4+h4/12 

2h, /34+-2hy/3 

Ny /O+te/2+Ng/44+h4/12 
2he/3+hy/3+2h;/9 

Ny /O+ he/24+h3/44+h4/12 

Ny /O+ hte /2+-hs/44+-5hg/36+h;/9 


Plane 


(100) [001 
[O11 
[001 ] 
[110] 
(111 ] 
{110} 
[211 ] 


| 
J 
| 
J 


(110) 


SPECIAL CASES 


As it is in the experiments described above, the 
magnetostriction is often measured in a given direction 
in a plane, when the field giving rise to this magneto- 
striction is applied in any arbitrary direction in the 
plane. The magnetostriction then depends on the speci- 
fied directions in the way described in the Appendix. 
These expressions were computed because they are 
important in determining the way in which the various 
constants enter into the data determined with different 
crystal and gauge orientations. The expressions in cases 
3 and 5 were used in deriving the /’s from our data. 

Often the saturating field is applied either parallel or 
perpendicular to the direction of measurement of A, 
the effect being then denoted longitudinal (A,) or 
transverse (A,). These quantities are shown for some 
special cases in Table IV. 

One case should be mentioned, which at first led to 
some difficulty in interpreting the results of measure- 
ment. It will be noted that A, and A; for the [011 ] 
direction in the (100) plane both contain the terms 
hy/6+-h4/12. Uf hy+-hy/2 is large compared with hy, the 
longitudinal and transverse effects will both be of the 
same sign and approximately the same magnitude. In 
one crystal of Mishima alloy (Fe,NiAl) this was 
observed to be the case, as shown in Fig. 2. In all of 
the other special cases of Table IV, the terms in /,, ho, 
hs, and hs occur with opposite signs in the longitudinal 
and transverse directions, or one of them is zero. 

We are greatly indebted to Miss C. L. Froelich for 
carrying out the matrix inversions, and to Miss B. B. 
Cetlin and Miss M. Goertz for checking many of the 


formulas. 


APPENDIX 


The dependence of magnetostriction on direction of 
magnetization to saturation is given below for some of 
the special cases most frequently used. These are all 
derived from Eq. (1). Here \ is the fractional change 
in length in the specified direction, and Ao is the same 
quantity for @=0, where @ is the angle in the given 
plane between the direction of the applied field and the 
[001] direction (except in cases 6 and 7, when it is 
the [110] direction). The sense of @ is such that the 


Me ong Atrans 


hit+h, 
he 
hy hs 4 + 5h, /6 

hy /2+-h2/2+h3/44+5h4/12 
hy+h3/12+2h;/9 
Ny/3+2he/34+2h;s/9+hs/9 
hy /34+2he/3+2h4/9+h;/9 


Atrans 

—h,/3—h,/3 
hy /O—he/2+h3/44+h4/12 
~hy/3+h3/4--h,/6 

hy/3—h,/3 

ho/3+h3/4 

hy /6—he/6+-hs/4—5hy/36—h 
~hy/0—he/6+h3/4—hy/12 


9 


direction of saturation is parallel to the direction in 
which X is measured, when @ has some value = 90°. 


(1) Plane (100), \! 001): 
A=h,(1+3 cos20)/6+/3(1—cos46)/8 
+h4(34-12 cos26+ cos48) /8, 
No= 2h, /3+ 2h4/3, 
A— Ap= hy (— 14+ c0820)/2+h3(1—cos40)/8 
+hy(—13+12 cos20+ cos46) /24. 
(2) Plane (100), A\|[011]: 
A=hy/6+ he(sin20)/2+-h3(1 
+ h4(3-+-cos40) /24, 
Ao=h1/6+h4/6, 
A— Ao= he(sin24) /24-h3(1 — cos44)/8 
t+-h4(— 1+ cos40)/24. 
(3) Plane (110), A) [001 }: 
A=h(1+-3 cos20)/6+-A3(7 — 4 cos20—3 cos46) /32 
+h4(9+ 20 cos20+-3 cos40)/48, 
No= 2h /34+2h4/3, 
A— Ao= hy (— 1+ €0826)/2+h3(7 —4 cos26—3 cos40)/32 


+-h4(— 234-20 cos20+-3 cos40)/48. 


cos4 4) /8 
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APPLIED FIELD STRENGTH, Ha, IN OERSTEDS 


Fic. 2. Magnetostriction vs field strength for Fe,NiAl 
(Mishima alloy), showing ,; (longitudinal) with same sign as A, 
(transverse). 





MEASUREMENT 


(4) Plane (110), \ (110): 

A=h,(—1—3 cos20)/12+h2(1—cos20)/4 
+h3(7 —4 cos20—3 cos46)/32 
+hs(—9— 20 cos20—3 cos46)/96 
+hs(1—cos40)/16, 

No= — hy /3—hy/3, 

A—Ao= Ai (1—c0s20)/4+ A2(1 — cos26)/4 
+h3(7—4 cos20—3 cos46)/32 
+h,(23— 20 cos26— 3 cos46)/96 
+ hs(1—cos40)/16. 

(5) Plane (110), Ali[111]: 

A= heo(1—cos26+ 2v2 sin26)/6 
+h3(7—4 cos20—3 cos40)/32 
+hs5(1+2v2 sin2@—v2 sin4@—cos46)/24, 

ho=0, 

A—Ao=AX. 

(6) Plane (111), A!/[110]: 

A= hy (cos20)/6+ h2(1+ 2 cos20)/6+h3/4 


+h4(4 cos20—cos46)/36+h;(cos20—cos46)/18, 


ho= Ay /64+ ho/2+-h3/4+h4/12, 

A— Ao= 1 (— 140820) /6+ hol — 1+ c0s20)/3 
+hy(—3+-4 cos20—cos40)/36 
+hs(cos20—cos46)/18. 

(7) Plane (111), /|[211]: 

A=h;(cos26+v3 sin26)/12 
+h(1+cos26+v3 sin20)/6+ h3/4 
+h4(4 cos20+-4v3 sin20—cos40+v3 sin40)/72 
+hs(cos20+Vv3 sin26—cos40+ v3 sin46)/36, 
No=Ay/12+he/3+h3/44+ hy/ 24, 


OF 


N 


I 


AGNETOSTRICTION 
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Fic. 3. Coefficients ¢), ¢2, --:, ¢s of the terms in /y, 


Eq. (1), for \ measured in (110) plane parallel to [001] (unprimed 
c’s) and to [111] (primed c¢’s), with magnetization at @° from 
foot}. 


4 
A—NAo=hy(—1+c0820+V3 sin26)/12 


+ho(—1+-cos26+v3 sin20)/6 

+hy(—3+4 cos20+4v3 sin26 

—cos40+v3 sin46)/72 

+hs(cos20+-v3 sin20—cos40+ v3 sin4@)/36. 


Items (3) and (5) above were used in the computation 
of the matrix elements of Table I. The way in which 
the coefficients of the h’s vary with @ is shown for these 
two cases in Fig. 3. 
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Thermal Conductivity, Electrical Resistivity, and Thermoelectric Power of Graphite 


W. W. TyLer anv A. C. WILSON, Jr. 
Knolls Atomic Power Laboratory,* Schenectady, New York 


(Received August 14, 1952) 


The thermal conductivity, electrical resistivity, and thermoelectric power have been measured in the 
temperature range from 20°K to 300°K for samples of artificial extruded graphite, natural molded graphite, 
and lampblack graphite. Experimental results are presented and discussed briefly in relation to theory. 

Due to the very large Wiedemann-Franz ratio and its dependence on temperature and type of graphite, 
thermal conductivity in graphite is attributed primarily to lattice waves. Scattering of lattice waves from 
crystallite boundaries limits the conductivity through most of the temperature range investigated. Inter 
pretation of the data in terms of the simple Debye equation for lattice conductivity permits rough estimates 
of effective crystallite size. At low temperatures, the dependence of conductivity on temperature is more 
rapid than the dependence of heat capacity, in disagreement with the Debye equation. 

The temperature dependence of electrical resistivity is interpreted using a modified Wallace zone theory 
which permits the Fermi level to differ in position from the zone boundary, owing to an excess or deficit of 
electrons. Scattering of electrons in the temperature range of interest is attributed to crystallite boundaries 
or atomic imperfections and assumed temperature independent. The temperature dependence of the Fermi 
level which gives the best fit to experimental] data is not in agreement with theoretical predictions. 


I. SAMPLES STUDIED graphite base, pitch bonded, and molded, with a bulk 


: ‘ : nai ¢ ‘m3 « 4 > oe > 9X] 
HE four polycrystalline graphite samples studied density of about 1.80 g/cm* and with the sample axis 


were in the form of rods three-eighths inch in 
diameter and three inches long. Samples A and B are 
conventional coke base, pitch bonded, extruded graphite 
with bulk density of about 1.70 g/cm*. The theoretical 
single crystal density is 2.25 g/cm’. Sample A is a 
National Carbon Company grade CS graphite with 
axis of the sample perpendicular to the preferred co axis 
orientation. Sample B is a National Carbon Company 
grade AGOT graphite with the sample axis parallel to 
preferred cy axis orientation. Sample C is natural 
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Fic. 1. Diagram of the apparatus. 
* The Knolls Atomic Power Laboratory is operated by the Gen- 
eral Electric Company for the U. S. Atomic Energy Commission. 


perpendicular to the preferred co axis orientation. 
Sample D is a lampblack base, pitch bonded, molded 
graphite with bulk density of about 1.65 g/cm*. The 
axis of sample D is parallel to the preferred co axis 
orientation although because of the small crystallite 
size, orientation effects are comparatively small for 
this type of graphite.’ 


II. EXPERIMENTAL PROCEDURE 


Figure 1 indicates the arrangement used in support- 
ing the specimen and providing suitable thermal condi- 
tions during measurements. The container shown is 
supported in a Dewar containing either liquid hydrogen, 
liquid nitrogen, solid carbon dioxide and acetone, or 
ice water, depending on the temperature range desired. 
The Dewar in turn is contained in a cryostat which 
may be evacuated to reduce the vapor pressure over the 
liquid when working with hydrogen or nitrogen. To 
provide thermal isolation of the sample, the container 
shown in Fig. 1 is evacuated during measurements to 
about 5X10-* mm mercury. Alternatively, helium ex- 
change gas may be put in the container to aid thermal 
equilibration of the specimen and bath. 

All heater and thermocouple leads pass through small 
paraffin filled holes in the copper “thermal sink” and 
are brought to the bath temperature at this point. 
Thermocouple leads to the specimen and the specimen 
heater, and current and potential leads to the specimen 
heater pass through paraffin filled holes in the “block.” 
Positions of thermocouples are designated by TC in 
the diagram. TC-5 and TC-6 provide the critical tem- 
perature measurements establishing AT and the average 


1 For general information related to the preparation and 
properties of artificial graphites, see C. L. Mantell, /ndustrial 


Carbon (D. Van Nostrand Company, Inc., New York, 1946), 
and the review paper by J. P. Howe, J. Am. Ceram. Soc. 35, 
275 (1952). 
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temperature of the specimen. For measurements above 
nitrogen temperature (77°K), TC-3 and TC-4 are held 
at the same temperature to minimize radiation losses. 
All of the thermocouples are of copper-constantan, 
made from stock, samples of which had been calibrated 
against the Ohio State University temperature scale.” 
The block heater and heat leak perm’t measurements in 
temperature regions between various bath temperatures. 
This technique has been used extensively by Powers 
and is described by him* in greater detail. 

All thermoelectric voltages and potential measure- 
ments for power and current calculations are made 
using a Leeds and Northrup White double potenti- 
ometer (0-10,000 microvolts) and high sensitivity 
galvanometer. The scale sensitivity of this system is 
3.5+0.1 cm/microvolt. Use of either the copper or 
constantan elements of TC-5 and TC-6 as potential 
leads permits electrical resistivity measurements and 
thermoelectric power measurements of either copper- 
graphite or constantan-graphite. 

To support the samples in the cryostat, copper disks 
were soldered to the ends of the specimens after copper 
plating of the graphite. The copper disks were then 
fastened to the block and heater by screws. The thermo- 
couples TC-5 and TC-6 were soldered to 0.040-in. 
copper rods which were pressed snugly into holes in 
the samples. 


Ill. EXPERIMENTAL RESULTS 


Figure 2 shows thermal conductivity data for the 
four samples. Temperature dependent errors are at- 
tributable to power loss in the heater and thermocouple 
leads, thermal drift, radiation loss, the decrease in 
sensitivity of thermocouples at low temperatures, and 
deviations of the individual thermocouples from the 
standard calibration. Of these, the most important is 
due to lead losses. As the lengths of the leads and the 
thermal gradients between the block and the termina- 
tion of the leads are known (TC-2, TC-3), corrections 
for lead losses are made using data of Powers’ for the 
thermal conductivity of copper and constantan. This 
correction may be made fairly accurately for data 
points taken with the specimen near bath temperature, 
but not for data points in temperature regions such 
that a large gradient exists between the sink and the 
block. Under such conditions, failure to attain equi- 
librium between the leads and the block results in an 
under estimation of the gradient in the leads. Data 
points between 35 and 55°K tend to be somewhat high 
because of this even for the high conductivity speci- 
mens. The uncertainty in the magnitude of conductivity 
data is estimated to be +5 percent for the highest 
conductivity points and +10 percent for the lowest 
conductivity points. 


2 Rubin, Johnston, and Altman, J. Am. Chem. Soc. 73, 3401 
(1951). We are indebted to W. DeSorbo for providing us with the 
thermocouple wire and calibration charts. 

5 Powers, Schwartz, and Johnston (to be published). 
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hic. 2. Thermal conductivity as a function of temperature 


for the four samples studied. 


Our conductivity data for samples A and B agree 
well with data of Berman‘ and Rasor® for samples of 
extruded graphite which are probably similar to our 
samples. Our data do not agree with data of Buerschaper® 
which indicate that the conductivity of graphite con- 
tinues to increase as the temperature decreases down 
to 90°K. 

Figure 3 shows the electrical resistivity data for 
specimens A, B, and C. Figure 4 compares the higher 
resistivity lampblack graphite with sample B. The data 
are probably accurate to +0.5 percent except for a 
temperature independent, geometric error of at most 
2 percent. The temperature dependence of the re- 
sistivity of samples A and B agrees fairly well with 
work of Goetz and Holser’ for similar type graphite. 
The resistivity of the lampblack graphite sample may 
be represented quite accurately by 


p=A-BT, (1) 


where A is 7.7510 ohm-cm and B is 7.43 10~° 
ohm-cm/deg. Sample C has a resistivity comparable 


'R. Berman, Phys. Rev. 76, 315 (1949); (to be published). We 
are indebted to Dr. Berman for sending us experimental data 
prior to publication and for helpful discussion related to the 
theory of lattice conduction. 

5N. S. Rasor (unpublished data). We are indebted to W. P. 
Eatherly for informing us of this recent work at North American 
Aviation Company. 

6 R. A. Buerschaper, J. Appl. Phys. 15, 452 (1944). 

7A. Goetz and A. Holser, Trans. Electrochem. Soc. 82, 391 
(1942). 
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lic. 3. Electrical resistivity as a function of temperature 
for samples A, B, and C. 


in magnitude to that of A and B but less temperature 
dependent. 

Figure 5 gives Wiedemann-Franz ratios computed 
from the curves of Figs. 2-4. This ratio is the same for 
samples A and B within several percent throughout the 
temperature range, and they are represented by the 
same curve. Figure 6 shows the absolute thermoelectric 
power for three samples, calculated from measured 
values of the thermoelectric power of graphite against 
constantan. The absolute thermoelectric power of 
constantan was obtained from the copper-constantan 
calibration, using data given by Borelius* for the abso- 
lute thermoelectric power of copper. Thermoelectric 
power values for the graphite samples were also ob- 
tained from graphite-copper data and checked against 
the values given here. The thermoelectric power data 
are probably accurate to within 0.5 microvolt. 


IV. DISCUSSION AND INTERPRETATION 
(a) Thermal Conductivity 


The Wiedemann-Franz ratio for extruded graphite 
at room temperature is about 200 times the free elec- 
tron theoretical value (2.45X10~-* volt?/deg’) for a 
solid in which thermal conductivity is solely by elec- 
trons. At 90°K this ratio is about 520 times the theo- 
retical value. As shown in Figure 5, the magnitude of 
the ratio depends on the temperature and on the type 


®G. Borelius, Handbuch der Metallphysik (Akad. verlags. 
Gesellschaft, Leipzig, 1935), Vol. I, pp. 181-520. 


A. ©€. WEtson, Fe. 
of graphite. At high temperatures*® and at low tempera- 
tures‘ the ratio approaches the theoretical value. Be- 
cause of the high value of the Wiedemann-Franz ratio 
and because of its dependence on temperature and type 
of graphite, it is concluded in agreement with Berman‘ 
and Mrozowski'® that the thermal conductivity is due 
primarily to the transfer of energy by lattice vibrations. 
The simple Debye expression for lattice conduc- 
tivity"? indicates that 


K=}c,dr,, (2) 


where K is the thermal conductivity, c, the specific 
heat, A an average mean free path for scattering of 
lattice waves, and v, an average group velocity for the 
waves. For pure, single, nonmetallic crystals, \ domi- 
nates in determining the temperature dependence of K 
except at very low temperatures.’ At temperatures 
above the Debye temperature, c, is constant and A is 
inversely proportional to the temperature. At tempera- 
tures below the Debye temperature, although c, is 
decreasing, A increases exponentially with decreasing 
temperature due to the very rapid increase of \. At 
sufficiently low temperatures A becomes limited by the 
scattering of lattice waves from the boundaries of the 
crystal, and the conductivity reaches a maximum value. 
For lower temperatures, A decreases, being dominated 
by ¢. 

The temperature dependence of conductivity indi- 


cates that boundary scattering in polycrystalline 
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Fic. 4. Electrical resistivity as a function of temperature. 
Sample B is compared with the higher resistivity lampblack 
graphite, sample D. 


9R. W. Powell and F. H. Schofield, Proc. Phys. Soc. (London) 
51, 153 (1939). 

10S. Mrozowski, Phys. Rev. 86, 251 (1952). 

" P, Debye, Vortraege tiber die Kinelische Theorie der Materie 
und der Elektrizitat (B. G. Teubner, Leipzig, 1914). 

12R. Peierls, Ann. Physik 3, 1055 (1929). 

8 Berman, Simon, and Wilks, Nature 168, 277 (1951). 
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graphite becomes important at relatively high tempera- 
tures. For samples A and B the maximum conductivity 
occurs at about 230°K. The maximum occurs near room 
temperature for sample C and above room temperature 
for sample D. Assuming that 2, is about 10° cm/sec, 
substitution of values of K and c,'* corresponding to the 
temperatures of maximum conductivity into Eq. (2), 
leads to the following approximate values of effective 
crystallite sizes, Amax- 
Sample Nmax 

A 6700A 

B 50004 

C 1800A 

D < 500A 


In bounding Amax for Sample D, we assume that c, 
increases more rapidly than A from room temperature 
to the conductivity maximum. 

The magnitudes of crystallite sizes deduced in this 
manner are not inconsistent with x-ray data, which, 
however, are not capable of distinguishing between the 
estimated sizes for samples A, B, and C. The difference 
in the effective crystallite sizes of samples A and B is 
presumably due to differences in orientation. Sample C 
is somewhat anomalous as there is no reason to believe 
that its crystallite size should be smaller than for 
samples A and B. 

According to the interpretation based on Eq. (2), at 
temperatures considerably below the maximum the 
thermal conductivity should be proportional to the 
specific heat. This is not observed, the specific heat of 
artificial graphite being quite accurately proportional 
to 7? in the temperature range from 20°K to 50°K," 
whereas the thermal conductivity in the same tempera- 
ture range, for samples A, B, and C is proportional to 
T” where n is estimated to be 2.7+0.3. The conductivity 
of sample D is more nearly proportional to 7?, but the 
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Fic. 5. Wiedemann-Franz ratio as a function of temperature. 
Values were calculated from the smoothed curves of Figs. 2, 3, 
and 4. 


4 W.W. Tyler and W. DeSorbo, Phys. Rev. 83, 878 (1951). 
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Fic. 6. Absolute thermoelectric power as a function of tem 
perature. Values were obtained from measurements of thermo 
electric power of constantan-graphite and copper-graphite couples 


uncertainty in the low conductivity values makes it 
difficult to assign much quantitative significance to its 
temperature dependence. The failure of the Debye 
relationship in explaining the temperature dependence 
of the conductivity may be related to the large ani- 
sotropy of the graphite structure. However, examina- 
tion of the more detailed expression for the conduc- 
tivity,'® which permits A and v, to depend on the wave 
vector, does not suggest an obvious explanation of the 
discrepancy. The explanation may be related to the 
temperature dependence of the energy transfer across 
crystallite boundaries. Densities of the graphites studied 
are about ? theoretical density for graphite, and it is 
easy to believe that the transport phenomena will be 
affected by temperature dependent interface properties. 
(b) Electrical Resistivity 
For a perfect single crystal of graphite, the two- 
dimensional Wallace theory'® predicts that 
p=C/(rr2kT log2), (3) 
where p is the resistivity, C a collection of constants 
and rr the mean time for scattering of electrons from 
lattice vibrations. In order to satisfy the observed 
positive resistivity vs temperature slope for single 
crystals, Wallace assumes that the temperature de- 
pendence of rr is given by 7~”" where n is greater than 
unity. 
For polycrystalline graphite we assume that"? 
1/r=1/rr+1/7, 


16 P, G. Klemens, Proc. Roy. Soc. (London) A208, 108 (1951) 
'6R. P. Wallace, Phys. Rev. 71, 622 (1947) 
17 1), Bowen, Phys. Rev. 76, 1878 (1949). 
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Fic. 7. Comparison of experimental resistivity data with the 
theoretical expression (6). Experimental and theoretical values 
are adjusted to a value of unity at absolute zero 


where 7) is the mean free time for scattering of elec- 
trons from imperfections and crystallite boundaries and 
is assumed to be independent of temperature. This gives 


1 1 1 
p ( ) ; 
tr tof kT log? 


where C’ now contains a geometric factor related to the 
density and preferred orientation of the crystallites. At 
sufficiently low temperatures rr becomes large com- 


(4) 


pared with ro, and 
C l 
(5) 


ty 2kT log2 


This gives a resistivity vs temperature slope which is 
negative in agreement with experimental results for 
room temperature and below. However, (5) predicts a 
hyperbolic dependence of p on T which does not agree 
with experimental results at low temperature. Ex- 
trapolation of the curves of Figs. 3 and 4 suggests finite 
resistivity-temperature slopes at O°K. 

The above expressions are based on the assumption 
that the Fermi level remains at the Wallace zone 
boundary. If because of impurity or surface states, the 
Fermi level is displaced from the zone boundary by an 
amount A, it may be shown!* that 


( 


rol 2kT log(1-+e2/47)— A] 


‘8 Gerhart Hennig, J. Chem. Phys. 19, 922 (1951). 
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where again we assume t7>>T9. For A=0, expression (6) 
reduces to expression (5). For A>k7T, (6) reduces to 


p=C'/rA. (7) 


In this case the temperature dependence of p is given 
by the temperature dependence of A. For any finite A, 
in the limiting case as 7-0, 

(8) 


Po EC’ ToAo, 


where Ay is the deviation of the Fermi level from the 
zone boundary at absolute zero. 

It is of interest to compare the experimental data 
with Eq. (6) under the assumption that A is inde- 
pendent of temperature. Figure 7 shows the function 
Av/ [2k log(1+e4"*— Ay] plotted against tempera- 
ture for different values of Ap ranging from 0.005 ev to 
0.03 ev. The solid curves give relative values of experi- 
mental data for samples B and C. Relative resistivity 
values for sample A are within 5 percent of those for 
sample B and are not plotted separately. As the experi- 
mental data extend down only to about 14°K, it was 
necessary to extrapolate to absolute zero, and compari- 
son of the behavior of the theoretical and experimental 
curves in the neighborhood of zero temperature is not 
too meaningfu!. 

The simplicity of Eq. (8) does permit a direct inter- 
pretation of the extrapolated intercept value of re- 
sistivity. However, assuming that a reasonable esti- 
mate could be given for C’, it is still only possible to 
deduce the value of the product too from the intercept 
value. The deviation of the Fermi level from the zone 
boundary is presumably due to the trapping of elec- 
trons at atomic imperfections or crystallite boundaries. 
As these also contribute to the scattering of electrons, 
tT) and Ay are not independent, although it is not 
possible to predict their exact relationship except on 
the basis of rather simple models. 

The agreement between the data and Eq. (6) may 
be improved by allowing the magnitude of A to increase 
with temperature. This is particularly true for sample 
D for which the resistivity is observed to be a simple 
function of temperature. Because of the small crystallite 
size in sample D, it is reasonable to assume that A>A&t 
and that Eq. (7) is applicable. If so, the assumption that 


A —=— @& + BT. 


where 87 is small compared with a throughout the 
temperature range, yields Eq. (1) immediately from 
Eq. (7). Insertion of a similar temperature dependence 
of A in Eq. (6) gives a better representation of the data 
for all the samples. It should be noted that as expression 
(6) is symmetric in the sign of A, it is only the tempera- 
ture dependence of the magnitude of A which is im- 
portant to consider here. 

Although a temperature dependence of A of the type 
assumed above gives a better representation of the 
data, it is not in agreement with the Wallace theory. 
Hennig'® has calculated the temperature dependence of 
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A based on the two-dimensional Wallace theory. Be- 
cause of the nature of the distribution of energy states 
near the zone boundary, the theory predicts that the 
magnitude of A decreases with increasing temperature. 
Attempts to fit our data to Eq. (6), assuming that the 
magnitude of A decreases with increasing temperature, 
result in poorer agreement than that shown in Fig. 7. 

In the above discussion, it has been assumed that 
7>r) and that ro is independent of temperature. If 
scattering of electrons by lattice vibrations begins to 
contribute appreciably below room temperature, the 
inclusion of this effect in the theoretical expression (6) 
would give better agreement with the data. Permitting 
tT) to depend on temperature could also result in better 
agreement. In fact, it is certainly not clear that scatter- 
ing effects owing to boundaries are temperature inde- 
pendent and that all other boundary effects on the elec- 
tronic properties may be included in A. However, on 
the basis of the experimental information available, 
it does not seem fruitful to speculate further on possible 
temperature dependence of A and rt» or the possible 
importance of lattice scattering. 


(c) Thermoelectric Power 


At present, there is no theory of thermoelectric 
power in graphite, and we will make no attempt to 
interpret the temperature dependence of the data. It 
should be pointed out that the sign of the thermoelectric 
power in graphite does not necessarily coincide with the 
sign of the Hall coefficient. Measurements at room 
temperature indicate that the sign of the Hall coeth- 
cient for all four graphite samples studied is negative. 
Thus, sample D which has a positive thermoelectric 
power throughout the temperature range studied has a 
negative Hall coefficient at room temperature. Approx- 
mate values of Hall coefficients for the four samples 
are given below. 

Sample R (emu 
\ 0.66 
8 0.48 
C 0.59 
D 0.37 


These values of Hall coeflicient are in fair agreement 
with values quoted by Hennig'* and Donoghue and 
Eatherly'® for well-graphitized material. Studies of the 


‘9 J. J. Donoghue and W. P. Eatherly, Rev. Sci. Instr, 22, 513 


(1951) 
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effect of oxidation'® or degree of graphitization'® on the 
Hall coefficient indicate that the sign of the Hall co- 
efficient can be controlled to some extent and that 
presumably samples with A equal to zero could be 
prepared. The low temperature resistivity of such a 
sample should be given by Eq. (5). Observation of this 
would give some evidence for the correctness of the 
theory. 


V. CONCLUSION 


The results presented indicate the general magnitude 
and temperature dependence of the properties studied 
but do not permit entirely satisfactory theoretical in- 
terpretation. Refinement of the measurements and their 
extension to lower temperatures and to a larger variety 
of graphites may lead to a better understanding of the 
transport phenomena. However, it seems probable that 
satisfactory understanding will await measurements on 
single crystals. Lack of knowledge of the magnitude, 
temperature dependence, and anisotropy of thermal 
conductivity in pure single crystals seriously limits 
efforts to estimate the effects of orientation, crystallite 
size, and energy transfer across crystallite boundaries 
on the conductivity of polycrystalline material. Of 
particular fundamental interest is knowledge of the 
normal modes which predominate in determining the 
temperature dependence of the conductivity, the nature 
of interactions among these modes, and between these 
modes and free electrons. Interpretation of electrical 
resistivity and thermoelectric power measurements is 
also complicated by the polycrystalline nature of the 
graphites studied and will probably remain uncertain 
until single crystal experiments test the applicability 
of the Wallace theory and the effect of the controlled 
introduction of imperfections. 

The work reported was done at the General Electric 


Company Low Temperature Laboratory and benefited 


from the cooperation of all members of the Laboratory. 
W. DeSorbo, M. D. Fiske, and R. W. Powers con- 
tributed helpful suggestions concerning experimental 
techniques. The interpretation of experimental results 
has been stimulated by discussion with J. P. Howe, 
J. A. Krumhansl, R. L. Cummerow, and J. B. Sampson 
of the Knolls Atomic Power Laboratory. Finally, we are 
indebted to W. C. Dunlap, Jr., and E. M. Pell for 
measuring Hall coefficients of our samples. 
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Induced Thermoelectric Potential from 
Radiation Damage* 


ALAN ANDREW AND CLIFTON R. DAVIDSON 


Atomic Energy Research Department, North American Amation, Inc 
Downey, California 


(Received December 22, 1952) 


HE effect of radiation damage on the thermoelectric potential! 
of iron and of constantan has been measured in a preliminary 
experiment. This work is a continuation of a previously reported 
effort! and represents an extension into a region of lower temper 
atures with a different technique 
The procedure was as follows: A five-mil wire was wound on a 
mica form measuring approximately one-by-five cm. The central 
part of the wire was then exposed to a beam of 10-Mev protons 
from the 69-inch Berkeley cyclotron in Crocker Laboratory. The 
two end sections of the wire were shielded from the beam and 
hence gave a length of wire with the central portion irradiated. 
During the irradiation the wire was maintained below zero 
degrees centigrade by passing helium, cooled by liquid nitrogen, 
over the sample 
Following the irradiation the wire was unwound from the mica 
form and annealed at various temperatures for a period of an 
hour in a furnace. After each anneal the thermoelectric potential] 
of the irradiated section against the unirradiated section (see 
Fig. 1) was measured using a L & N Speed-O-Max, coupled with 
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a L & N de amplifier, Model 9835-B. A_ specially designed 
furnace was used as the variable temperature source and a 
standard ice water mixture for the reference temperature source. 

The 0.005-inch iron wire was irradiated with the 22 wa hr/cm? 
of 10-Mev protons. The 0.005-inch constantan wire was irradiated 
with 17 wa hr/cm? of 10-Mev protons. Iron was found to be 
positive with reference to the irradiated iron and constantan 
negative with reference to the irradiated constantan. The results 
are given in Figs. 2 and 3. From these curves it is seen that the 
maximum induced thermoelectric potentials are 0.3 microvolt 
per degree centigrade for iron and 0.1 microvolt per degree 
centigrade for constantan, after annealing to about 150 degrees 
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There was a small drift and zero shift in the measurement of 
the emf of less than +1 uv. The variable temperature of the 
thermocouple loop was measured with another thermocouple, and 
the estimated variation of the temperature in the special furnace 
is less than +3 percent of the temperature as measured in centi- 
grade units. 
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2. Emt vs temperature for iron 
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Fic, 3. Emf vs temperature for constantan-—irradiated constantan 
thermocouple. Constantan is negative with respect to irradiated constantan. 
Reterence junction =0°¢ 








The control specimens were subjected to the same wrapping 
and twisting as the irradiated wires. They were not annealed 
before the control measurements were made. In both cases the 
control and irradiated wires were taken from the same spool, and 
consequently they should have very nearly the same composition 
and previous history. 

It is a pleasure to acknowledge the interest and cooperation of 
Dr. J. G. Hamilton and G. B. Rossi of Crocker Laboratory and 
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the assistance of the members of the Irradiation Physics Group 
of North American Aviation, Inc., particularly L. E. Glasgow 
and B. T. Harwick. 


* This work was sponsored by the U. S. Atomic Energy Commission. 
! Andrew, Jeppson, and Yockey, Phys. Rev. 86, 643 (1952). 


Isomeric Branching and Threshold Behavior of the 
Reaction Mo*?(n,2n)?Ao"'t 


Joun E. Brouiey, Jr. 
Los Alamos Scientific Laboratories, University of California, 
Los Alamos, New Mexico 


(Received December 31, 1952) 


N a recent paper,'! we reported an experimental study of the 

reaction Mo”(n,2n)Mo% employing neutrons in the range 
from threshold to 27 Mev. A number of investigators have 
produced Mo” by the (y,) process using betatrons. They find, 
in addition to the 15.5-min Mo", another Mo" activity of 65.5-75 
sec. Katz? and collaborators have measured the (y,#) thresholds 
of the two activities (15.5 min: 13.1+0.1 Mev, and 65.5 sec: 
13.340.1 Mev) and the energy dependence of the two photo cross 
sections. In reference 1, we reported the absence of the shorter 
half-life, but in view of the recent betatron data, we made another 
search for it. 

Neutrons of various energies were produced by bombarding 
tritium with deuterons accelerated in a Van de Graaff machine. 
The geometrical arrangement of foils (normal molybdenum) and 
tritium target was similar to that employed in the cyclotron 
experiments.'! A knowledge of the deuteron energy plus the 
angular position of the molybdenum foil with respect to the 
deuteron beam axis makes possible a calculation of the energy of 
the neutrons passing through the foils. Irradiations of various 
lengths of time were performed on the foils. They were counted 
within one minute of bombardment termination on a Geiger 
counter apparatus adapted for measuring half-lives of the order 
of one minute. Two- and 15.5-minute bombardments with 14.4- 
Mev neutrons produced no measureable trace of the short half-life 
although the 15.5-min activity was abundant. It was interesting 
to note? that 14.5-Mev gamma-rays gave a value of about 0.2 for 
the ratio of the 65.5-sec to the 15.5-min photo cross sections. 
Eighteen-Mev neutrons gave a weak 65.5-sec activity. In view of 
these results, branching will not affect the comparison of the 
statistical theory to experiment made in reference 1. 

We also measured a number of relative cross-section values for 
the 15.5-min isomer. These values are presented in Fig. 1. The 
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Fic. 1. Relative o(n,2n) as a function of channel energy: curve theoretical, 
points experimental. 


vertical limits are 95 percent confidence intervals. The horizontal 
limits represent the maximum neutron energy spread intercepted 
by the foils. The curve drawn through the experimental points 
was calculated from the statistical theory using the values 
a=3.16 Mev! and E,= 12.48 Mev. 

Keith Zeigler performed an iterated least squares calculation to 
fit the theoretical formula’ to the data. The above values give the 
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TABLE I. Comparison of calculated and observed relative cross sections. 





Observed relative Calculated relative 
a(n,2n) a(n,2n) 
0.251 
0.454 
0.713 
1.005 


Entrance channel 
energy (Mev) 


13.21 
13.52 
13.87 
14.24 


Difference 
~0.002 
0.020 
0.002 
0.019 





0.249 
0.474 
0.715 
0.986 


best ft. It is interesting to note that the new value of a is rather 
close to that obtained in reference 1. However, the threshold 
energy obtained from these data is in disagreement with betatron 
measurements. If Ey is varied by 0.1 Mev, the theoretical curve 
departs markedly from the data. Table I summarizes the results 
of the least squares calculation 

H.C. Martin operated the facilities employed in this experiment 
which were generously extended by Group P-3. L. K. Schlacks 
assisted with the computations 


t Work performed under the auspices of the U. S. Atomic Energy 
Commission 
! Brolley, Fowler, and Schlacks, Phys 
?L. Katz (private communication) 
*U.S. Atomic Energy Commission Document N YO 6346, p 


lished) 


Rev. 88, 618 (1952) 


153 (unpub 


Angular Correlation in the Decay of Li*t 


C. M. Cvass* 
Physics, Johns Hopkins University, 
(Received December 24, 1952) 


HANNA 
Baltimore, 


AND S. 5S 


Department of Maryland 


F the many processes which lead to the formation of the 
unstable Be*® nucleus in its first excited state (~3 Mev), 

the Li*(8) Be**(a@)He* reaction affords an interesting opportunity 
for performing a correlation experiment to provide information 
on this state. The beta-alpha correlation function may also 
depend on the nature of the Li* state and the degree of forbidden- 
ness of the beta-process. Gardner! has given a discussion of the 
correlation functions expected for certain assignments of spin and 
parity to the participating states 

Li® nuclei were produced with the Li’(d,p)Li® reaction by 
bombarding thin lithium targets with a deuteron beam of energy 
0.65 Mev. In order to avoid detection of the many products of 
this bombardment, the beam was pulsed by means of a continu 
ously rotating sector, and the decay products of the Li* nuclei 
were observed only during the period when the beam was inter- 
rupted by the sector 

Alpha-particles were detected with a thin, approximately 
10-mil, sodium iodide crystal mounted in the vacuum of the 
target chamber and coupled to a photomultiplier tube through a 
quartz window. For convenience the alpha-detector was fixed at 
90° to the deuteron beam. The target angle was 45°. Hence, the 
Li® nuclei, emitted into a forward 30° cone, were embedded in the 
target. 

Beta-particles were detected with a sodium iodide crystal, 
1 in.X1 in.X2 in., and a photomultiplier tube, free to rotate 
about the source. The cylindrical wall of the aluminum target 
chamber was about 20 mil thick, allowing beta-particles in the 
Mev range to pass through with an average loss of 250 kev. A 
lead collimator was provided between the chamber and _ the 
detector. 

The pulses from each counter were amplified and passed through 
a discriminator, giving either a differential or an integral counting 
rate, and then to the coincidence detector. A switch between 
each amplifier and discriminator opened and closed the line in 
synchronization with the pulsing of the beam. The coincidence 
detector recorded the total number of coincidences, real and 
accidental, and also the accidental ones separately. The accidental 
rate was generally less than 10 percent of the real rate 

Differential pulse-height spectra of the alphas and betas are 
shown at the top of Fig. 1. In the detection of coincidences the 
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Fic. 1. Top: Differential pulse-height spectra. The prominent alpha 
group is the 1.5-Mev group. Middle: Beta-alpha angular correlations for 
various portions of the upper part of the beta continuum, The 30 percent 
and 70 percent runs were made with a collimator on the beta-detector. 
The 35 percent run was with a fairly thick source. The alpha-detector was 
located at 180°. Bottom: Ratio of yields at 0° and 90° for various portions 
of the upper part of the beta-spectrum 


integral outputs of the discriminators were used. For the alpha 
particles the bias was selected to include the 1.5-Mev group, 
which predominates (~90 percent)? Any higher energy groups 
were discriminated against in the detection of coincidences, either 
partially or wholly by the bias setting of the beta-discriminator, 
which ranged from an electron energy of 2 to 8 Mev. In Fig. 1 
these settings are indicated by giving the approximate fraction of 
the beta-spectrum observed 

The data in Fig. 1 are the number of coincidences per recorded 
beta-particle. The curves, obtained by least-square analysis, are 
of the form 1+ A, cos?@ and provide a reasonable description of 
the observations. Additional observations were made of the yields 
at 0° and at 90°. The ratio Vo/ V¥90= 14-42 is plotted as a function 
of the bias setting of the beta-discriminator, at the bottom of 
Fig. 1. There is an apparent increase in the value of Az with 
increasing beta-energy, in accordance with the theoretical expec- 
tation, Approximate solid angle and scattering corrections have 
been made, and the corrected ratios are shown by the horizontal 


lines in the figure. 
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For the case 0*—2*—O* for Li'—Be*—He', discussed by 
Gardner,! a pronounced maximum around 45° (~cos*@—cos‘@) is 
expected. The results, therefore, favor the alternative scheme, 
3-—2+—O+, which gives 1+A,cos?@. Other assignments, in- 
cluding the possibility that the Be® state is double, have not yet 
been investigated. Any departure from isotropy rules out the 
possibility of spin 0 for the Be® state and confirms the forbidden 
character of the beta-process. 

We are greatly indebted to Lt. Col. E. C. LaVier, USAF, for 
ge 1erous assistance in performing the experiment. 


t Assisted by a contract with the 1’. S. Atomic Energy Commission 
* Now at Rice Institute, Houston, Texas 
' J. W. Gardner, Phys. Rev. 82, 283 (1951 


F. Hornyak and T. Lauritsen, Phys. Rev. 77, 160 (1950 


Spontaneous Fission Rate of Cf***t 


KE. K. Hutet, S. G. THompson, AND A 

Radiation Laboratory and Department of Chemistry, University of California, 
Berkeley, California 
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N order to obtain further data which may be useful in a study 

of the spontaneous fission process as, for example, in confirma 
tion of the exponential dependence of the spontaneous fission rate 
upon Z?/A of even-even nuclides,? the spontaneous fission half 
life of Cf?** has been measured. An extrapolation of previously 
available data! * indicated that Cf**, for which Z?/A equals 39.04, 
should have a spontaneous fission ‘half-life’ of approximately 
2000 years. Our measured value is 2100+300 years, which is in 
excellent agreement with that predicted. 

The californium isotope was produced by helium ion bombard 
ment of curium containing all the isotopes ranging from Cm?” to 
Cm**, inclusive. The target technique employed in this work has 
been previously described.’ The curium used in this experiment 
had been produced by a neutron irradiation of long duration of 
Am*! at a position of high flux in the Chalk River pile.® After 
bombarding the curium with 35-Mev helium ions, the californium 
was separated from other elements, using previously described 
combinations of precipitation and ion exchange chemical meth 
ods.7 By alpha-pulse analysis at the beginning of the experiment, 
the californium fraction was observed to contain essentially pure 
Cf radioactivity except for a small fraction of Pu** alpha 
radioactivity incompletely separated. The amount of Pu? 
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present was insufficient to produce any spontaneous fission events 
in view of its long half-life for this process.' 

The fission rate was determined by placing a known quantity 
of Cf** in a thin deposit on one electrode of a parallel plate 
ionization chamber, filled with a mixture of argon and carbon 
dioxide. A stylus recorder maintained a record of each fission 
event and time of occurrence until essentially all of the Cf® had 
decayed. The fission rate decreased with the same 35-hour half-life 
as that observed for the alpha-decay of Cf*,‘ thus proving that 
the fissions recorded originated from this isotope. The experi 
mental data are best summarized in Fig. 1. The ratio of the 
alpha-disintegration rate to the spontaneous fission rate is 5.2 
105, giving by a simple computation the spontaneous fission 
half-life of 2100 years. In view of its close agreement with the 
predicted value, this result might then be considered as evidence 
that a subshell of 148 neutrons does not exist since, on the basis 
of the considerations by Seaborg,! an abnormally small nuclear 
radius due to a closed subshell might be expected to result in an 
increased rate of spontaneous fission. 

We are especially indebted to Professor Glenn T. 
his continued advice and encouragement during the course of 
this work. We also wish to express our appreciation to Professor 
J. G. Hamilton, G. B. Rossi, and the operating crew of the 60-inch 
cyclotron of the Crocker Laboratory for the intensive bombard 
ment of curium, and to Nelson Garden and the Health Chemistry 
group for providing the excellent protective equipment used in 
handling the high level alpha-radioactivity. Likewise, the co 
operative effort of the Canadian Chalk River Laboratory in 
handling some difficult problems connected with irradiating and 
shipping the sample is greatly appreciated. 


Seaborg for 


t This work was performed under the auspices of the U. S. Atomic 
Energy Commission 
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Statistical Fluctuations in Ionization by 
31.5-Mev Protons* 


Ico, D. D. CLarK,t AND R. M. 


Department of Physics, 
Berkeley, California 
(Received December 29, 1952) 


[ eral methods of identifying particles of different mass 
often involve a measurement of specific ionization and some 


G. J LISBERG 


Radiation Laboratory, University of California 


other parameter such as momentum, energy, or range. These 
schemes require a counter of small stopping power and good 
proportionality to measure the ionization. It has often been 
thought that a gas proportional counter admirably satisfies these 
requirements, on the assumption that the statistical fluctuations 
in the energy loss of the particles traversing the counter are 


governed by the statistical fluctuations in the number of ion 
pairs, as calculated on the basis of about 25 ev per ion pair. 
Experiment and the theory of Landau and of Symon indicate, 
however, that the fluctuations are considerably larger.'~* 

Protons of 31.5-Mev energy from the Berkeley linear accelerator 
were scattered elastically from a 0.00025-inch Pb target through 
a proportional counter and stopped in a Nal counter. The solid 
angle accepted was defined by a }-inch hole in a brass plate 10 
inches from the target; this hole was centered on the 0.0005-inch 
thick, }-inch diameter windows of the proportional counter. The 
counter telescope and target were in an evacuated scattering 
chamber. The scattered protons passed through the cylindrical 
counter perpendicular to its axis and straddling the wire. The 
counter was j-inch i.d. and 5 inches long. The 0.003-inch stainless 
steel wire was accurately centered; the counter was thoroughly 
outgassed and filled with a mixture of 96 percent A and 4 percent 
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CO, and operated at 1700 volts. The elastic protons were separated 
by means of a single channel pulse-height analyzer fed from the 
Nal counter, and the output of the analyzer was used to trigger 
the sweep of an oscilloscope; the proportional counter pulses after 
amplification and suitable delay were applied to the vertical 
plates. The oscilloscope screen was photographed on moving film 
and the film read on a microfilm viewer. The stability and linearity 
of the system have been shown to be reliably good in previous 
work. 

An estimate of the inherent resolving power of the proportional 
counter was obtained by a pulse-height analysis of the pulses from 
collimated 5.5-Mev alpha-particles, which had an energy of 1.6 
Mev and a range of about } cm after penetrating the counter 
window. The observed distribution was approximately Gaussian 
with a full width at half-maximum of 17 percent. Lack of perfect 
collimation would introduce about 3 percent spread. The effect of 
fluctuations in energy loss in passing through the window are 
difficult to estimate; range straggling at this energy is about 2.5 
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traversing }-inch proportional counter 
shows standard deviations and channel widths. 
distribution is computed from Symon (reference 2) 
Gaussian distribution based on ion pair statistics. 


percent and, as the counter sees only the end of the track, this 
fluctuation is madnified by a factor of four or more. Thus the 
inherent resolving power of the proportional counter is 12 percent 
or better and certainly adequate to investigate the observed 
distribution. 

Figure 1 shows the histogram of 1636 pulses read 
noise limited the accuracy of reading the pulses to within the 
channel widths chosen. The pulse-height distribution has been 
observed to be independent of beam intensity, thus indicating 
that no significant part of it is due to pile-up. A theoretical curve 


Amplifier 


was computed from the formulas and curves of Symon.? For 
comparison with experiment, both the theoretical curve and the 
experimental points were plotted on log-log graphs; the best fit 
by eye then gave scaling factors for both coordinates. The solid 
curve is the resulting theoretical distribution; no additional 
factors introducing spread have been folded in. The theoretical 
values of average total energy loss and of maximum energy loss 
by a 31.5-Mev proton in a single collision with an electron are 
shown. For comparison there is also shown a Gaussian distribution 
about the average of the width determined by statistics on the 
number of ion pairs formed at 25 ev per ion pair. The Gaussian 
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curve is arbitrarily normalized to the same maximum value as 
the Landau distribution. 

The surprisingly broad distribution with a high energy tail is 
due to the non-negligible probability of collisions in which the 
charged particle imparts large kinetic energy to the electron. This 
reduces radically the number of primary collisions, thus increasing 
the width of the statistical distribution, and in addition gives 
rise to the high energy tail. Note in Fig. 1 the maximum allowable 
energy loss in a single collision is, in this particular case, approxi- 
mately twice the average total energy loss of the proton in the 
counter. This is in sharp contrast to the very narrow pulse-height 
distributions that have been observed in the case in which the 
charged particle expends its entire track in the counter because, 
in this case, the statistical fluctuations are due only to the varia- 
tions in the ratio of energy loss in ionization to energy loss in 
excitation. 

The authors express their appreciation for advice given by 
Professor L. Alvarez and Professor O. Chamberlain. 

*This work was under Atomic 
Energy Commission 

U.S. Atomic Energy Commission Predoctoral Fellow. 

1L. Landau, J. Phys. (U.S.S.R.) 8, 201 (1944), 

7K. R. Symon, thesis, Harvard University, 1948 (unpublished). Parts 
of this work appear in B. Rossi, High Energy Particles (Prentice-Hall, Inc., 
New York, 1952). 

3N. Bohr also discusses the theory in Phil. Mag. 30, 581 (1915) and Kgl 
Danske Videnskab. Selskab Mat.-fys. Medd. 18, No. 8 (1942). The Landau 
effect has also been observed with minimum ionization electrons and 
mesons. See, for example, Hanson, Goldwasser, and Mills, Phys. Rev. : 
617 (1952), and A. Hudson and R. Hofstadter, Phys. Rev. 88, 589 (1952) 
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Correlation between Electron and Recoil 
Nucleus in He® Decay* 
Brick M. Rustap AND STANLEY L. Rusy 
Columbia University, New York, New York, and Brookhaven National 
Laboratory, U pton, New York 
Received December 31, 1952) 
A STUDY of the correlation between the electron and the 
recoil nucleus in the He®-Li® decay has been made to 
determine whether the tensor or axial vector interaction should 
be retained in the formulation of beta-theory. The remaining 
interactions, scalar, polar vector, and pseudoscalar, are forbidden 
for this particular transition on the basis of the allowed ft value 
of 815470 seconds! and the nuclear spin change? AJ=1. A 
mixture of the Gamow-Teller interactions is not expected, as 
there is no evidence from the shape of allowed spectra for the 
existence of the energy dependent, Fierz interference term.** 
The He® gas was produced by bombarding Be(OH)2 powder 
with fast neutrons from the Brookhaven pile. The end-point 
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energy! is 3.50+0.05 Mev and the half-life’ 0.823 sec. A search 
for y-emission accompanying the decay was made by the authors, 
and also independently by Knox,® with negative results. Measure- 
ments of the 8-spectra and the half-life indicate that the contri- 
bution to the counting rate at any energy above 0.5 Mev caused 
by impurities is less than 3 percent. 

A schematic diagram of the apparatus is shown in Fig. 1. A 
semicylindrical source of He® gas was defined by a 0.2 mg per cm? 
aluminum foil and a differential pumping diaphragm which also 
served to collimate a beam of recoil ions from the source region. 
All structural parts of the source were constructed of polystyrene 
and evaporated with a thin coating of aluminum to minimize the 
scattering of electrons and source charging effects. The recoil 
nuclei were detected by a twelve-stage, Allen-type electron 
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multiplier. The direction and energy of the electrons were deter 
mined by a stilbene scintillation spectrometer which could be 
positioned at any angle between 100 and 180 degrees from the 
direction of the recoil beam. A coincidence circuit selected those 
events in which the recoil detector was activated from 0.08 to1.15 
microseconds after the scintillation spectrometer. To prevent gas 
scattering, the apparatus was continuously evacuated; during 
each run, pressure measurements were made to insure that the 
mean free path of the particles was large compared to the geo 
metrical dimensions of the apparatus. 

The coincidence rate measured at angles from 110 to 180 
degrees between the directions of the electron and the recoil 
nucleus is shown in Fig. 2. The spectrometer was adjusted to 
accept electrons only in the energy range between 2.5 and 4.0 me’. 
The experimental points represent the summation of ten individual 
runs over the angular range. 

In Fig. 3, the coincidence counting rate at the angle of 180 
degrees between the electron and recoil nucleus is plotted against 
the energy of the beta-ray. The channel width accepted by the 
pulse-height analyzer was 1 mc’. 

Curves calculated on the basis of the tensor and the axial 
vector interactions are presented for comparison with the experi- 
mental data. The curves represent the calculated electron-recoil 
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correlation integrated numerically over the solid angles subtended 
by the detectors and the energy resolution of the scintillation 
spectrometer. The consistency of both experiments makes it 
unlikely that instrumental discrimination resulting from the 
variation of angular position or energy selection systematically 
affected the data. The agreement between the experimental data 
and the tensor interaction curves in these experiments indicates 
that the tensor interaction dominates. This is in agreement with 
recent data reported by Allen.? A complete report covering this 
work is in preparation. 

The authors wish to express their appreciation to Professor J 
R. Dunning and Professor E. T. Booth for suggesting this problem, 
and their gratitude to Professor W. W. Havens, Jr., and Professor 
C. S. Wu for continual encouragement and many helpful discus 
sions concerning the work. 


* Research performed under the auspices of the U. S. Atomic Energy 
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A Test for Charge Independence in High Energy 
Nucleon-Nucleon Scattering 


B. A. JACOBSOHN 
Department of Physics, University of Washington, Seattle, Washington 
(Received December 8, 1952) 


N a paper on high energy proton-proton scattering, Chamber- 
lain ef al.’ mention the inequality, 

o pp(90°) £ 40np(90°), (1) 

as one which must hold if charge independent central forces act 


between two nucleons. The purpose of this letter is to point out 
that the inequality (1) holds under much less restrictive conditions 
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and is, in fact, a direct consequence of the assumptions of charge 
independence and parity conservation for the nucleon-nucleon 
interaction. In other words, if mp and pp interactions are the 
same, (1) will be true, no matter what the spin or velocity de 
pendence of the force may be. 

Although the proof is easily carried through without it, we 
shall use the isotopic spin notation. We notice first that, since 
the wave function must be antisymmetric in all variables, conser 
vation of parity and isotopic spin (7°) implies conservation of the 
magnitude of ordinary spin (8). Then the wave functions in the 
c.m. frame which represent two nucleons approaching each other 
along the z axis are 
Wp sir »{Letk ~(—1)5+Te ike}y gMs 


+ (etr r)DMs'F s7 MSMS8'(n)y V8’) py Vv (2) 


In (2) the y’s are spin functions, the ¢’s are isotopic-spin func 
tions, and S and T may each be 0 or 1. In the scattering amplitudes 
F, the quantum number Mr has been omitted, since the scattering 
is supposed to be independent of orientation in charge-space 
Because of the total antisymmetry of the wave function (m is a 
unit vector in the scattering direction), 

—1)StT +H F o7(—n). 


F s7(n) = ( (3) 


Now all that need be done is to write down the pp and np 
cross sections in this notation. Equation (2) yields 


o»,(m) = }[LMsMs' Fy, 488" (n) 24 Fy. (n) 2], (4) 
onp(M) = Pe[LMsMs' | Fy, 98" (n) + Fy, oS" 9' (a) |? 


+ | Fos(n)+Fo,o(m) {7}. (5) 

The interference terms spoil any simple comparison of (4) and 

(5). However, using (3) we can find the following condition 
necessary for charge-independence : 


2[onp(O)+onp(e—9) J—opp)(O) =o70(A) 20 (6) 


The angular distributions for high energy scattering make (6) 
most restrictive at 6=90° (c.m.). In Fig. 1, the relevant high 
energy data? are plotted as functions of the energy. Although the 
present data satisfy (1) and are therefore consistent with charge 
independence, the curves show that one would hesitate to predict 
that (1) will be satisfied for energies greater than about 300 Mev 
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Fic. 1. opp and 4onp at 90° (c.m.) as functions of the energy. If the 
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The fact that (1) is a necessary condition for charge inde 
pendence, no matter what else is assumed about the nucleon 
nucleon interaction, suggests the importance of collecting accurate 
90° scattering data at the highest possible energies. However, 
it should be emphasized that (1) is only a necessary condition; 
indeed, it is known? to be difficult to derive charge independent 
phase shifts which fit the high energy angular distributions if one 
uses only the customary velocity independent potentials. 
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Roy. Soc. (London) A214, 
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Nuclear Stars in Emulsions* 


R. W. Wanikekt ano Taticuiro OnTsuKa 
( yolotron Laboratory, Harvard University, Cambridge, Massachusetts 
(Received December 29, 1952) 


OR the study of nuclear stars in photographic emulsions, it is 
highly desirable to have the incoming beam as monoenergetic 
as possible. In the case of neutrons it is very difficult to meet this 
requirement. There are a few ways of obtaining neutron beams 
with a fairly narrow energy spectrum. Namely, degradation of 
the beam by inserting a hydrogenous absorber or by utilizing the 
deuteron stripping process. The method we employed in our 
investigation may be called a ‘“‘subtraction method.” It is based 
on the following fact: When a beryllium target is bombarded 
with high energy protons, the emitted neutrons have different 
spectral distributions at different angles (Fig. 1). 


rN MEV 


1. Neutron spectra trom Be, 0 @: 16 A 


From the figure it is evident that the subtraction spectrum 
exhibits a fairly narrow distribution peaked at about 95 Mev; 
thus, exposing simultaneously two plates at the two angles, the 
differences in the results can be attributed to this peak. The 
experimental set-up was as follows: A }-inch beryllium target 
was bombarded with the internal proton beam of the Harvard 
95-in. FM-cyclotron. The outgoing neutrons in the 0° and the 
14° directions were collimated, and two Ilford Nuclear Piates 
(G5-200 microns) were exposed simultaneously in ‘‘good geom 
etry,” subtending the same solid angle at the target. At the same 
time a three-crystal scintillation counter telescope was set in line 
with the zero-degree plate to roughly determine the neutron flux 
(Fig. 2). 

About 400 stars were scanned for each plate determining the 
actual range and the spatial angle for each prong 

Differences in certain features were noticed upon comparison of 
the results obtained from the two plates. For example, by plotting 
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the “asymmetry factor’ (ratio of the number of prongs in the 
forward to the number of prongs in the backward hemisphere) 
versus the star type (indicated by the number of prongs) for each 


plate one obtains Fig. 3. For isotropic emission the asymmetry 
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Fic. 3. Asymmetry vs prong number Plate 11, 0°; Plate 12, 14° 
factor is equal to 1. One can see from the figure that for the plate 
exposed at 14°, isotropy is reached much faster than for the plate at 
0°. In other words, the larger stars in the 14° plate show prac- 
tically an isotropic angular distribution, whereas in the 0° plate 
the prongs are still emitted to an appreciable fraction in the for 
ward direction. 

Further differences were detected in the angular distributions 
and in the number of stars versus prong number; thus, the method 
seems to be discriminative enough to the two different incoming 
effective neutron energies. 

The detailed analysis and discussion for the angular and energy 
distributions will be published shortly. 

* Supported by the joint program of the U.S. Office of Naval Research 
and the U. S. Atomic Energy Commission 

t Society of Fellows. 
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Nuclear Magnetic Resonance of Aligned 
Radioactive Nuclei* 
N. BLOEMBERGEN, Harvard University imbridge, Massachusett 
AND 
National Bureau of Standards, Washington, D. ¢ 
Received December 23, 195 
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[' occurred to one of us (G.M.T.) that the anisotropy of 
radiation from radioactive nuclei observed recently! might 
be used with advantage for a precise determination of the nuclear 
gyromagnetic ratio of radioactive isotopes. An experiment is 
proposed where the minimum number of nuclei necessary to 
detect magnetic resonance is not determined by the signal-to-noise 
ratio of radiofrequency equipment, but solely by the statistics of 
the counters monitoring the radioactive decay. Thus, only 
minute amounts of the radioactive isotope are needed.® 

Suppose that in some way a certain alignment of radioactive 
nuclei in a crystal has been established. When this crystal is 
subjected to a radiofrequency field of the proper frequency, so 
that it will induce transitions to levels with other spatial quant 
ization of the radioactive nuclei, the observed radioactive ani 
sotropy will drop or disappear. This effect will occur regardless of 
the order of magnitude of the spin-spin relaxation time T, and 
the spin-lattice relaxation time® 7). If both 7) and 7s are large 
compared to the inverse of the “nutation frequency” 1/yHy, the 
nuclear spins will oscillate as free spins between the connected spin 
levels.?7 If To1/yH 4, but yYHe7\72>1, the nuclear spins will 
lose their coherence. They will be distributed evenly over the 
connected spin levels. If finaily y7H,¢7) 72> 1, the power absorbed 
by the radioactive nuclear spins will serve to heat the other 
degrees of freedom in the crystal. Since a radiofrequency field of 
a few gauss amplitude will induce transitions at a rate of 10* or 
10° per second, the absorption would be sufficient to increase the 
entropy of all spins in the crystal in a few seconds, even if the 
radioactive nuclei occur only in a relative concentration of one 
part in ten thousand. Spin levels with a much larger splittings, 
which would require more energy to increase their entropy, need 
not be considered, since the nuclear alignment will disappear at 
temperatures, where the contribution to the specific heat of these 
larger splittings is still negligible. There is absolutely no limitation 
on the concentration of the radioactive nuclei if y74/,¢7, 72> 1. 

Under all circumstances the radioactive anisotropy will be 
drastically reduced within a few seconds, after the application of 
a radiofrequency field of sufficient amplitude, at the resonance 
frequency of the radioactive nuclei. This frequency can thus be 
determined with the usual precision of the nuclear magnetic 
resonance in solids. The proposed method, which requires no 
refined high frequency techniques, is based upon a heating effect, 
as in Gorter’s original proposal of magnetic resonance.* The 
crystal at very low temperatures constitutes a very sensitive 
calorimeter, the radioactive anisotropy serving as the appropriate 
thermometer 

If nuclear polarization is obtained for nuclei in nonmagnetic 
ions, the experiment can be carried out in a known external 
magnetic field and the nuclear magnetic moment can be measured 
directly, provided quadrupolar effects can be neglected. So far, 
nuclear alignment has been obtained only for nuclei in magnetic 
ions,'~* oriented by the strong field from the electron spins. In 
this case, with zero external field, the magnetic moment can be 
compared with that of another stable isotope, or the internal 
field must be calculated from theoretical considerations.® The 
magnetic moment of Co® can be compared with that of Co** in 
the same salt.” The resonance of the Co® nuclei could, of course, 
also be detected by the heating of the crystal and the disappear 
ance of the radioactive anisotropy of Co™. Bleaney® and Gorter® 
have obtained a value of 3.2+0.3 nuclear magnetons for Co® 
from the observed magnitude of the anisotropy at a known 
temperature. This approximate value would facilitate the search 
for the precise magnetic resonance of Co”. A rough calculation 
indicates that our proposed experiment could be carried out on 
the samples used by Bleaney and Gorter 
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A complication may arise in magnetic salts from nonresonant 
electronic spin-spin absorption. During the search for the nuclear 
resonance, the crystal may be warmed up by this spurious absorp 
tion. It is true that nuclear alignment is achieved in crystals 
which are magnetically dilute, so that the nuclear resonance 
frequency is high compared to the spin-spin frequency. In other 
words, the hyperfine structure is well resolved. Nevertheless, the 
absorption in the tail of the spin-spin interaction might still be 
prohibitively large. If we assume with Broer" a Gaussian shape 
for the spin-spin relaxation, the absorption in the tail wil} be 
negligible. It would be ir.teresting in its own right to investigate 
the nonresonant high frequency absorption in dilute magnetic 
crystals at very low temperatures. Any of the low temperature 
thermometers,” including the radioactive anisotropy could be 
used for this purpose. 

The experiment is being initiated by the Cryogenics Section of 
the National Bureau of Standards 


* First reported at the meeting of the American Association for the 
Advancement of Science, December, 1952, in St. Louis, Missouri 

' Daniels, Grace, and Robinson, Nature 168, 780 (1951) 

Gorter, Poppema, Steenland, and Beun, Physica 17, 1050 (1951) 

} Bleaney, Daniels, Grace, Halban, Kiirti, and Robinson, Phys. Rev 
85, 688 (1952). 

‘Gorter, Tolhoek, 
(1952). 

‘Compare the magnetic resonance in positronium 
Deutsch and S. C. Brown, Phys. Rev. 85, 1047 (1952). 

6 In order to first establish nuclear alignment, 7) should not be too long 

7 See, e.g., N. Bloembergen, thesis, Leiden, 1948 (unpublished) 

§5C. J. Gorter, Physica 3, 995 (1936) 

*R. J. Elliott and K. W. H. Stevens, Proce. Phys. Soc 
1951). 

WK. D. Bowers (unpublished) 

uL. J. F. Broer, Physica 10, 801 (1943) 

12 Steenland, de Klerk, and Gorter, Physica 15, 711 (1949); D. de Klerk 
thesis, Leiden, 1948 (unpublished); M. J. Steenland, thesis, Leiden, 1952 
(unpublished) 


Poppema, Steenland, and Beun, Physica 18, 135 


observed by M. 
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Exchange Magnetic Moments of Nuclei with 


Almost Closed Shells of Nucleons 


Ricnarp W 
Cornell University, Ithaca, New York 
(Received December 30, 1952) 


COLE 


HE measured magnetic moments of H® and He* show that 

there is an exchange contribution to the magnetic moments 
of nuclei. Do the measured magnetic moments of heavier nuclei 
support the same conclusion? Several papers' seem to give an 
affirmative answer. Ross? implies that more research is needed 
before the question can be answered. A detailed study of a few 
nuclei seems to confirm Ross. 

According to the individual-particle model, some nuclei have 
closed shells of nucleons. Nuclei which have one nucleon outside 
closed shells or one nucleon missing from a closed shell may be 
called ‘closed shell (+1) nuclei.” If the individual particle model 
were exact and exchange effects contributed nothing, the magnetic 
moments of closed shell (+1) nuclei would lie on the Schmidt 
curves. Feenberg* has noted that the measured magnetic moments 
of closed shell (+1) nuclei seem to lie nearer to the Schmidt 
curves than those of other nuclei. 

Osborne and Foldy' have suggested several operators for the 
exchange magnetic moment. Some of the operators may be 
eliminated because they do not have equal and opposite values in 
H? and He*®. An argument about time reversal,’ which is not 
conclusive,® eliminates other The Osborne-Foldy 
operators M;, (c), and (d) remain. The writer has omitted (d) 
and assumed that the exchange magnetic moment operator is 

M.=Mi+C = fir.) (tuXt.J.(0.X@,} 


-M.+M, 


C was adjusted to fit the 


operators. 


measured magnetic 


The constant 
moments of H’ and He 
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In the individual-particle model the expectation value of M, in 
a closed shell (+1) nucleus is the sum of several terms. Each 
term is the product of a spatial integral and a matrix element 
over ordinary and isotopic spin. If the function f(r,.) is nowhere 
negative, the spatial integrals seem to be non-negative. The sign 
of the integrals has been established for the cases in which f(ruv) 
is a delta-function, a Coulomb potential, or a constant independent 
of the distance r,,, between nucleons u and v. For this reason M, 
tends to put the calculated magnetic moments outside the 
Schmidt lines; but nearly all the measured magnetic moments 
are inside. There are at least two ways to reverse such an unwel- 
come conclusion. Perhaps better wave functions should be used. 
Perhaps f(r.) is positive when the nucleons are close together 
and negative when they are far apart, like the nuclear interaction 
proposed by Lévy.’ The M, exchange moment seems to have the 
same order of magnitude in light and in heavy nuclei. 

The M, of four closed shell (+1) nuclei were calculated. A 
delta-function was used for /(r,,.). The radial wave functions 
R(r) were of the oscillator type 


R(r) = P(r) exp(—4r*r*), 


in which P(r) is a polynomial in r and » is related to the nuclear 
radius. The results are listed in Table I. The values of 1/v are 


Pasir I. Calculated and measured magnetic moments 


Nucleus y Uo M: M, 


N} 0.1 0.1 
(pt ? ? 
Fis 0.6 


Kw 4 0.2 


stated in units of 10° cm. The 1/v for H® was taken to be 1.6 
*10°8 cm. All magnetic moments are expressed in nuclear 
magnetons. The AM are the deviations of the measured magnetic 
moments from the Schmidt lines. The AMf may be compared with 
the calculated M,. The values of My are those calculated by 
Spruch.*® 

The preceding results are taken from a doctoral thesis submitted 
to the Graduate School of Cornell University. Professor Philip 
Morrison suggested the investigation, Prepublication copies of 
the papers by Ross and Osborne and Foldy were available. 
83, 839 (1951); A. deShalit, Helv. Phys. Acta 


Miyazawa, Prog. Theoret. Phys. 6, 263 (1951); A 
Phys. Rev. 87, 1111 (1952). 


'F. Bloch, Phys. Res 
24, 296 (1951); H. 
Russek and L. Spruch 

?M. Ross, Phys. Rev. 88, 935 (1952). 

4k. Feenberg, Phys. Rev. 77, 771 (1950). 

*R. K. Osborne and L. L. Foldy, Phys. Rev. 79, 795 (1950). 

»G. J. Kynch, Phys. Rev. 81, 1060 (1951). 

®*E. R. Caianiello, Nuovo cimento 9, 336 (1952) 

M. M. Lévy, Phys. Rev. 88, 725 (1952). 
*L. Spruch, Phys. Rev. 80, 372 (1950). 


Superconducting Silicides and Germanides 

HuLM 

Institute for the Study of Metals, University of Chicago, Chicago, Illinois 
(Received January 2, 1953) 


GEORGE F. HARDY AND JOHN K. 


HILE investigating the occurrence of superconductivity 

among the silicides and germanides of Groups IV, V, and 
VI transition metals, we have recently observed that the com 
pound V;Si becomes superconducting at about 17°K, apparently 
the highest temperature at which the phenomenon has so far been 
observed.' This compound and twenty-nine other silicides and 
germanides were prepared by sintering compressed pellets con- 
sisting of appropriate mixtures of the powdered elements for 
several hours in an atmosphere of purified helium at 1500°C 
(silicides) or 1000°C (germanides). Additional specimens which 
were prepared by melting the compressed pellets in an argon arc 
furnace gave essentially the same x-ray and superconducting 
results as those prepared by sintering. The presence of super- 
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conductivity was detected by ballistic measurement of the 
magnetic induction of the specimens in a magnetic field of a few 
oersteds; the transition temperatures quoted are those for the 
mid-point of the transition extrapolated to zero field. 

The following compounds became superconducting at the 
temperatures given in parenthesis: VsSi (17.0°K), VsGe (6.0°K), 
Mo,;Si (1.30°K), MosGe (1.43°K), MoSio.7 (1.34°K), MoGeo.7 
(1.20°K), WSio 7 (2.84°K), ThSiz (3.16°K). On the other hand, 
compounds which did not show superconductivity at temperatures 
just below 1.2°K were TisSis, TisGes, TiSi, TiSiz, TiGez, Zr4Si, 
Zr2Si, ZrsSi2, ZrsSis, ZreSis, ZrSi, ZrSi2, VSi2z, NbSio», NbSi2, 
TaSiz, CrsSi, CraSiz, CrSi, CrSis, WSi2, MoSis. It will be noted 
that in the isomorphous series VsSi, VsGe, MosSi, Mo3Ge, and 
Cr;Si, which have a cubic structure with atomic positions similar 
to those in 6-tungsten, only the chromium compound remained 
normal down to 1.2°K. 

The transition temperature and breadth of transition of V3Si 
were found to be rather sensitive to variations in impurity content 
of the specimens. The purest samples were prepared from vana- 
dium supplied by The Electro Metallurgical Company in which 
the main impurities were about 0.1 percent of iron and manganese. 
In these samples, the transition temperatures ranged from about 
16.5° to 17°K, the sharpest transition being that of an arc furnace 
specimen which passed from a completely normal to a completely 
superconducting state between 17.1° and 16.8°K. On the other 
hand, both sintered and arc furnace specimens of V3Si prepared 
from vanadium containing about 1 percent of iron as its major 
impurity showed superconducting transitions close to 14.5°K 
with breadths of more than 1°K. This appreciable drop in transi- 
tion temperature in the presence of 1 percent Fe suggests that 
even for our purest samples, containing about 0.1 percent Fe, 
the transition temperatures probably lie a few tenths of a degree 
below the correct value for spectroscopically pure V;Si. 

Finally, in an effort to produce superconductivity above 17°K, 
we replaced a portion of the vanadium or silicon in V3Si_ by 
neighboring elements in the periodic system. The effect of re 
placing one-tenth of the vanadium by either Ti, Zr, Nb, Mo, Cr, 
or Ru, or one-tenth of the silicon by either B, C, Al, or Ge, was 
to depress the transition temperature by amounts ranging from 
a few tenths to more than ten degrees below that of control 
specimens of pure V3sSi. Carbon and boron produced the smallest 
effect, but it must be remarked that although the whole series of 
specimens was prepared by arc furnace melting, completely 
homogeneous solid solutions were not formed in all cases. 

A detailed account of this work will be published later 

! Although Aschermann, Friederich, Justi, and Kramer [Physik. Z. 42, 
349 (1941)], reported superconductivity in niobium nitride at temperatures 
above 17°K, the more recent work of F. H. Horn and W. T. Ziegler [J. 
Am. Chem. Soc. 69, 2762 (1947)]} and H. Régener [Z. Physik 132, 446 
(1952)} indicates that the transition point for this compound is approxi 
mately 15°K. 


The Tensor Force Interaction between a Shell 
Closed Except for a Single Vacancy and 
an External Nucleon 
J. Hope 


Department of Mathematics, The University, Southampton, England 
(Received December 23, 1952) 


HE following results, here quoted without proof, are taken 

from the author’s Ph.D. thesis.‘ They have been derived 
by an extension of the tensor operator methods introduced by 
Racah? 

General expressions for the tensor force interaction between 
two separate two-nucleon single-particle configurations have been 
obtained by L. W. Longdon, of Southampton University, and 
will soon be published. They are not discussed here. We are 
concerned with the interaction between two configurations both 
of which contain a group of 4(2/,+1)—1 equivalent nucleons of 
orbital momentum /,; (almost closed shell) and both of which 





LETTERS TO 
contain an external nucleon, but this is of orbital momentum /, 
in the one configuration and /,’ in the other. The results are given 
for all of the neutral, symmetric, and charged isotopic spin 
dependencies. 

The direct term is simply related to the corresponding one for 
the mixing of the two separate two-nucleon configurations J,l, 
and /,/,’, obtained from the above by replacing the almost closed 
shell by a single nucleon of the same orbital momentum, which 
can be found using Longdon’s results. The relationship is as 
follows: The corresponding direct terms are identical for the 
neutral isotopic spin dependence and are of opposite sign for the 
other two cases. 

On the other hand, the expression for the exchange term, 
which as here given is to be added to the direct, reduces to a 
very simple result. The isotopic spin factors for the three cases 
are as follows: 

6(T, 0)-2, 
4(T, 1) +3, 
6(7, 1){6(Mr, 1)+6(M7, T)}, 


and the spin, orbit, and radial factor is 
2/58(S, 1)(— 1) tHe +h) Jw (LIL, J2) 
9 (21, +1) {(Qlo+1) (2b? + I) CheLChty’L’}+ 


4 , 
} {(2L’+1)A¥+(2L+1)B4 } 


neutral 
symmetric 
charged 


[ CLi2 

«K -_ = 

| 3(2L+1)(2L'+1) 
D (5(2L4+1)(2L’+ Cr niCi ns WLU, 2K)c*]. 
K=-0 

In this expression W(abcd, ef) is a Racah coefficient,? and the 

functions Ca»- have been tabulated by Shortley and Fried.’ Also, 

if one writes the general radial exchange integral, 


K 
i 1 %o (a 
BK} = ~ f { unl (11 /do) Unslo(rs/ay)L* (ry, re) fry, re) 
cK dp'Zo J 

Une’ le’ (71 / do) unl (re ‘ao)ryredridre, 
in which upi(r/do) is the general normalized radial wave function 
(ao is the well parameter) and in which /*(r;, r2) is defined in 
terms of the radial distance dependence J(r;2) of the tensor force 
by the expansion 


J (ry2)/ne= ZY IF (ry, re) PK(cosO2), 
K=0 


then in the radial integral AX we have /(r:, r2)=r,?; in B* it is 
equal to r.*, and in C¥ to rire. 

We wish to draw attention to the similarity of these results to 
those for central forces as derived for the atomic case by Racah. 
We have also been able to obtain corresponding expressions with 
a two-particle spin-orbit interaction, but these are more compli- 
cated than those for the other forces and will be reported sepa 
rately. A full account of the derivation of these results is contained 
in the writer’s thesis. 

'J. Hope, Ph.D. thesis, London University, 1952 (unpublished). 


?G. Racah, Phys. Rev. 62, 438 (1942). 


*+G. H. Shortley and B. Fried, Phys. Rev. 54, 739 (1938). 


Approximate Wave Functions for Unbound 
Relativistic Particles in a 
Coulomb Field 


G. K. Horton anno R. T. SHarp 
University of Alberta, Edmonton, Alberta, Canada 
(Received December 3, 1952) 


HE exact relativistic wave functions describing unbound 
charged particles moving in a Coulomb field are well 
known.' However, they have not proved convenient for actual 


calculations. This is because they depend on three coordinates; 
and, in the case of the Dirac equation, the spinor dependence is 
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complicated.? For low energy particles, the nonrelativistic Schréd- 
inger equation may be used. As is well known, this equation with 
a Coulomb potential is separable in parabolic coordinates, and 
the wave function is fairly simple, depending on only one coordi 
nate. On the other hand, for high energies and low charge, the 
first Born approximation may be used; in fact, almost all calcu 
lations concerning relativistic Coulomb particles have been done 
in this way. Since the Born approximation is valid only for’ 
n| <1, there is a considerable range of charge and energy values 
not covered by either approximation. 
For the Dirac equation, this gap was partially filled by Sommer- 
feld and Maue.' The iterated Dirac equation for a charged particl¢ 
moving in a Coulomb field is 


, 2" | ’ 1 
Vy+ E-——) —w ph =(2Ze ny -grad— py, 
r } r 


and the solution is‘ 
V B { 
ya | 1 YAY grade + O(ns) Llp); (1) 
2r 


ras 


v(r)= 
also, 
\V we } dé 8 
-- imi | ae + ) 11" (grad, + grad, ) 


2s” «2 
ae 
+(ntge) }Let( 


g( K) = 


ik)? }" 7 


real" ® 


where E, ze, k, uw are, respectively, the energy, charge, momentum, 
and rest mass of the particle; Ze/r is the Coulomb potential; 
Ys ¥ are the usual Dirac matrices; N=27in/(1—e**"") is a 
normalizing factor; 


n=Zz2e/ip; k-r); |k| =k=,BEF; 


- 7 
L.(p) = 2 (- (")? ; 
j/y! 


770 


p=thkr- 


I is a spinor satisfying {¢7-k—y.E+yujT=0; and 
p(x) =(2r) if dr exp(iK-n)y(r) 


is the Fourier transform of y(r). 

The Sommerfeld-Maue approximation is valid for all energies, 
and is subject only to the condition |n*s?|<1. This is to be 
distinguished from the first and second Born approximations, 
which are subject to the more restrictive conditions |m|<1 and 

n?| <1, respectively. 

The first Born approximation is obtained from (1) and (2) by 
putting n=0. One finds 


1 | 


y (4) 
K—k/2) 


4 
imit ay 


—eik- ry — | - 
ar? wy Oe | e+ 


1 
(2n)! . 
The second Born approximation is obtained from (1) and (2) 
by expanding to first order in n: 


N 
v(r) ran ( - By grads) (1 +nf(p)}T, 


vir)= ¢g(K) = - 


where 

f(p) =Ci! p| +4Si! p| —In|} p! -c= f' - Lt: (6) 
Ci and Si are the cosine- and sine-integral functions, and C is 
Euler’s constant. 

The Fourier transform of (5) is 
1 

24 |x k!? 
ote OF thr p 
preps 1 8 aL 


, | eee oe | 
ov = — gall 5— 577 (aad tarady) f 


{1m In 


For the Klein-Gordon equation with a Coulomb potential, 


7 2 
V+ {(r - s26) ~ yt ry =0, 
r 
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the solution in the Sommerfeld-Maue approximation is 


i ier) yy Mh 0 
= r 
(2)! 2r ok 


N 6 ins f « é 
) iit ) , sa ( ) hk ots) 
2r? de ? Ok k 


O(n'B | [x?-+(e~—ik)? ]” 
+ O(n'B") - ————, 
‘ [2+ |%—k 2} 


The approximation is definitely better than in the Dirac case, 
since it is correct to third order in n® instead of only to first 
order. The first Born approximations may be obtained from (9) 
and (10) by putting n=0. The result is 
N 1 0 l 
. k-r al 
(nr) = an, (Kk) = . limit. =, 
(27)! Qn? on Oe P+ | K—k!? 


virj= +O(n'B') 7L,(p); 


(10) 


The second Born approximation is obtained from (9) and (10) by 
expanding to first order inn 
rptker 


, Ne 
v(r)= {1+n/(p)}, 


(2)! 


(11) 
n+ (e—tk)? 
}fl+niIn. —- 
hit? é+|x—k/? 2 
, limit | , (12) 
; Oe [eé| x—k|?] 
We have derived explicit expressions for the momentum wave 
functions because they are of considerable interest for various 


¢(%) = > 


2m” ¢-—+i) 


atomic and nuclear problems.° 

We have applied these approximations to a number of atomic 
and nuclear processes, and we intend to communicate our results 
shortly. 


1 See, for example, A. J. W. Sommerteld, Atombau und Spektrallinien 
(F. Vieweg und Sohn, Braunschweig, 1939). The explicit Coulomb wave 
functions tor unbound particles obeying the Klein-Gordon equation will 
be given by us in a paper on meson capture processes to be published 
shortly. 

2See, for example, J. C. Jaeger and H. R. Hulme, Proc. Roy. Soc. 
(London) 148, 708 (1935), where the exact solution of the Dirac equation 
in the presence of a Coulomb field is applied to the problem of internal 
pair creation, The authors are forced to resort almost entirely to numerical 
integrations. Also, Casimir’s trick for effecting spin summation cannot be 
used with these wave functions. It can, however, be used in conjunction 
with the wave functions discussed here. 

4m is defined in Iq. (3). We are using natural units, for which A=c =1., 

‘We will refer to this as the Sommerfeld-Maue approximation. 

* See, for example, the remarks of EK. Guth and C. J. Mullin, Phys. Rev. 
83, 667 (1951). These authors gave the momentum wave function in the 
nonrelativistic approximation 


Production of Polarized Particles in 
Nuclear Reactions 
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CHWINGER' has shown that polarized neutrons may be 
S obtained by the elastic scattering of neutrons from He‘. We 
wish to point out that this result is a special case of a more general 
theorem to the effect that, under suitable conditions, the products 
of any nuclear reaction will be polarized. As a result it should be 
possible to use resonant charged particle reactions to obtain 
directly (rather than by an intervening elastic scattering) high 
intensity beams of polarized neutrons, with energies variable 
over a considerable range. 

We have obtained a general expression for the polarization 
resulting from nuclear reactions. The original expression contains 
a number of sums over magnetic quantum numbers, since we 
must average over the incident unpolarized beam. However, 
these sums are essentially geometrical in character and may be 
reduced to their most elementary form by use of the formalism 
developed by Racah? 

The following general results have been obtained: (1) The 
polarization is always perpendicular to the plane formed by the 
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directions of the incident and emitted particles. (2) If only S 
waves are effective in the reaction, for either the incident or the 
final states, there can be no polarization. (3) If only levels of the 
compound nucleus having J=4 (or 0) and a single parity are 
effective, there will be no polarization. (4) Polarization results 
from the interference of different subchannels (i.e., partial waves 
or final channel spins) contributing to the reaction. (The state of 
the residual nucleus must always be the same, of course.) Hence, 
if there is only a single incident subchannel leading to a single 
level and breaking up into a single final subchannel, the polar 
ization will vanish. (5) ff there is no spin-orbit coupling, the 
polarization is zero 

The final result yields the following expression for the de- 
pendence of the intensity of polarization upon the angle between 
the incident and emitted beam: 


P= > AtPr'(cos8), (1) 
L=1 

where P,! is the associated Legendre function and Az is a compli 
cated expression involving several Racah functions and the 
scattering matrix for the reaction. The results have a formal 
similarity to the expression previously obtained for the angular 
dependence of reaction cross sections.’ In particular, a maximum 
value of L in Eq. (1) is given by a set of rules which are quite 
similar to the rules for the limitation of the complexity of angular 
distributions' and which follow from the requirements for the 
nonvanishing of the Racah coefficients. 

It is interesting to note that even a single level of definite 
J (#4 or 0) and parity will produce polarization if more than one 
subchannel (1-value or final channel spin) contribute. Several 
known reactions offer promise. In particular, analyses® of the 
angular distribution of (p,m) neutrons resulting from resonances 
in C8, B", Li’, and H® indicate that P waves or higher and 
opposite parities are interfering. In fact, it seems likely that many 
neutron sources, hitherto considered unpolarized, may actually 
exhibit partial polarization. 

Details of the above and further calculations will appear in a 
paper to be submitted to this journal in the near future. 

1 J. Schwinger, Phys. Rev. 69, 681 (1946) 

7. Racah, Phys. Rev. 62, 438 (1942) 
*. N. Yang, Phys. Rev. 74, 764 (1948) 


j 
‘J. M. Blatt and L. C. Biedenharn, Phys. Rev. 82 
*H. A. Willard, private communication 
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HE nonquantum electrodynamic contribution of order 

a’~ (137)? to the magnetic moment of helium in the lowest 
energy triplet (metastable) state “4S, has been calculated. This 
contribution arises because the bound two-electron system has a 
Dirac type rather than a Schrédinger-Pauli type Hamiltonian 
The purpose of the calculation was to isolate to order a the quan 
tum electrodynamic radiative contributions to the magnetic 
moment of a bound two-electron system, for comparison with 
experiment.! 

The method of calculation was to reduce the Dirac sixteen 
component form of the matrix of external magnetic interaction 
energy for two electrons to a four-component form in terms of 
Pauli-approximation wave functions, which could then be evalu 
ated by use of the angular and spin symmetry properties of the 
Russell-Saunders coupled 4S; state. This procedure was prac 
ticable because L-S coupling could be shown to yield rigorous 
results to order a’yo//. Breit’s prescription for treating the Breit 
interaction was followed? 
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The result derived was that the nonradiative g value for two 
electrostatically interacting electrons bound in a 4S; state is, to 


order a’, 
g=2(1—4{7)), (1) 


where (7) is the expectation value of total kinetic energy in the 
3S, state in units mc. This result is similar in form and, to order 
a’, of equal exactness to the well-known corresponding result of 
Breit and of Margenau for one bound electron.’ Equation (1) 
shows that nonradiative relativistic contributions to the magnetic 
moment of two interacting bound electrons are not simply the 
sum of those for two mutually independent bound electrons, but 
also contain implicitly a contribution from the electrostatic inter- 
action. The radiative contributions to the g-value of the system 
are, to order a’, the sum of those for two mutually independent 
electrons and an explicit contribution from the Breit interaction, 
of amount minus one-third the expectation value of electrostatic 
interaction energy in the 4S, state, in units me’. 

Equation (1) can be evaluated exactly for helium. The (now 
permissible) Schrédinger Hamiltonian and the virial theorem give 
(T)=—W, where W is the binding energy of 3S; helium in units 
me. Either a theoretical or an experimental spectroscopic value 
of W then yields for the nonradiative g value in *S, helium 

g=2(1+4W) =2(1—38.7X 10-8) (2) 
The contribution from the Breit interaction was calculated to be 
—2.3X10~*. The total theoretical g value in 4S; helium, to order 
a’, is the sum of (2), the Breit interaction contribution, and the 
second-* and fourth-* order radiative corrections to the intrinsic 
electron magnetic moment, or 

(2 He) theor = 2(1+-a/2x — 2.97 3a2/x?—41.0X 1078) 
= 2(1+0.0011614—16.0« 10°*—41.0*10°%) — (3) 
= 2(1.001104+1X 10~*), 


The indicated precision +1 10~* of this number stems from a 
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rough estimate of the first neglected radiative and reduced mass 
corrections. The first neglected nonradiative correction is of order 
a'Z*K1078, 

The experimental result! is the ratio of g value in 4S; helium 
and in *Sy hydrogen, 


(gtte/ZHexp= 1— (12415) x 10°. (4) 


This experimental ratio is to be compared with the theoretical 


ratio 


(gtte/ ZH) theor= 1 — (231) X 10~8, (5) 
in which for hydrogen the same radiative corrections as for helium 
and a nonradiative correction’ of ]W = — ja*= —17.8X 1076 have 
been used. Alternatively, assuming the theory to have been satis- 

y, g ) 
factorily verified for hydrogen® and hence multiplying the experi- 
mental ratio (4) by (gi) theor, vields 

(gHelexp= 2(1.001116-+15X 10°), (6) 


which is to be compared with (3). 

The agreement between (4) and (5) and between (3) and (6) 
is within the assigned theoretical and experimental uncertainties, 
of which the experimental uncertainty is greater than the theo 
retical by an order of magnitude. This agreement tends to sub- 
stantiate the theoretical nonradiative g value correction and the 
additivity properties of the radiative corrections in hydrogen 
and in helium. A detailed report of this calculation together 
with a paper on the experiment! will be presented soon to The 
Physical Review. 


* Present address is Department of Physics, University of Pennsylvania, 
Philadelphia, Pennsylvania. 

1 Tucker, Hughes, Rhoderick, and Weinreich, Phys. Rev. 86, 618 (1952). 
The latest and hitherto unpublished experimental value is quoted in this 
letter. 

2G. Breit, Phys. Rev. 39, 616 (1932). 

3G. Breit, Nature 122, 649 (1928); H. Margenau, Phys. Rev. 57, 383 
(1940). 

4 J. Schwinger, Phys. Rev. 82, 664 (1951). 

§R. Karplus and N. M. Kroll, Phys. Rev. 77, 536 (1950) 

* Koenig, Procell, and Kusch, Phys. Rev. 83, 687 (1951). 
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MINUTES OF THE 1952 THANKSGIVING MEETING HELD AT ST. Louis, MISSOURI 
NOVEMBER 28-29, 1952 


(Corresponding to Bulletin of the American Physical Society, Volume 27, No. 5) 


HE 1952 Thanksgiving meeting of the Amer- 

ican Physical Society was held at St. Louis, 
Missouri, in the buildings of Washington University, 
on Friday and Saturday, November 28 and 29, 
1952. We celebrated two anniversaries: the hun- 
dredth of the founding of our host institution, and 
the tenth of the first achievement of a nuclear 
chain reaction. This latter event occurred in 
Chicago on the second of December, 1942; thus 
we met almost exactly on the anniversary; it was 
commemorated by a group of four speeches, 
mainly but not altogether of a historical nature, 
given by A. H. Compton, Enrico Fermi, E. P. 
Wigner, and W. H. Zinn. The centennial of Wash- 
ington University was the theme of some of the 
after-dinner speeches. There were one hundred and 
thirty-six contributed papers, and fourteen invited 
papers in addition to the four just mentioned and 
the three which constituted the Symposium on 
Physical Electronics arranged by our Division of 
Electron Physics. The abstracts of the former and 
the titles of the latter are reproduced from the 
Bulletin in the following pages. The weather was 
frigid on the Friday and blizzardy on the Saturday; 
this did not impair the total registration—507, a 
figure almost equal to those attained of recent 
years at the Thanksgiving meetings in Chicago 
but may have curtailed the audiences of the 
Saturday afternoon sessions. The arrangements 
made by the Local Committee (C. Sharp Cook, 
Chairman) were excellent, and the Society owes 
to its members a debt of gratitude. 

The banquet of the Society was held on the 
Friday evening on the Starlight Roof of the Chase 
Hotel, with an attendance of 176. The after-dinner 
speakers were A. H. Compton and A. L. Hughes of 
Washington University, J. B. Macelwane and 
A. H. Weber of St. Louis University. 

The Council met on Friday. It elected 7 can- 
didates to Fellowship and 369 to Membership; 
their names are appended. Among its other trans- 
actions, an item of peculiar interest is the statement 
appended to these Minutes, which was adopted by 
the Council and is to be sent to certain high 
officials of the Federal Government after the 
change of administration. From the Treasurer's 
Report it transpired that the financial situation 
of the Society shows a marked betterment owing 
to the drastic steps lately taken to increase the 


revenues of the Society and owing also to the 
generous grant of the National Science Foundation 
which has covered a part of the deficit of The 
Physical Review. Vhe thirty-year cumulative index 
of this journal (1921-1950) is on the verge of 
appearing, and the prices at which it will be offered 
to members and to nonmembers of the Society 
will shortly be determined. S. A. Goudsmit and 
J. H. Van Vleck are nominated to the Governing 
Board of the American Institute of Physics for 
three-year terms commencing in 1953. 


Bennett, L. T. Bourland, 
Olson, M. H. Schrenk, and 


Elected to Fellowship: A. L. 
F. E. Fox, E. Gerjuoy, H. F. 
J. H. Simons. 

Elected to Membership: Mercedes M. Agogino, Richard W. 
Aldrich, George A. Alers, William L. Alford, J. F. Allen, 
Floyd E. Allison, Joseph R. Altieri, Avraham Amith, Fred J. 
Anders, Jr., Albert D. Anderson, Carl G. Anderson, Jr., 
‘John S. Arents, Sidney C. Argyle, Ivan M. Aron, Milton 
Aronoff, Ranga K. Asundi, Toshio Azuma, David R. Bach, 
Harold J. Babrov, ‘Duane L. Barney, Robert M. Baum, 
\lan J. Bearden, *Ralph E. Behrends, *Paul A. Bender, 
Francis D. Benedict, Robert D. Bent, Forrest R. Biard, 
George R. Bird, Irving H. Blifford, Jr., Charles L. M. Blocher, 
Robert C. Block, Alan J. Blotcky, Daniel E. Bloxsom, Jr., 
Kees Bol, "Edwin Blue, Jacques Bonanomi, *John Boring, 
Norman Braslau, ‘Sheila Brenner, *Manuel M. Bretscher, 
Robert K. Brinton, John W. Brogden, Joseph W. Brouillette, 
Jr., Norman L. Brown, Floyd E. Bulette, Harold Burris- Meyer, 
Barney L. Byrum, Jr., Nicolas Cabrera, William Caithness, 
*Wallace H. Campbell, Tucker Carrington, Arthur B. Carson, 
‘Samuel M. Carter, Joseph W. Chamberlain, Jesse G. Chaney, 
John E. Chappelear, Bernard Chern, Joseph P. Chernoch, 
Alexander S. Chodakowski, Jack E. Clair, Abraham Coblenz, 
Lewis’ W. Cochran, Irving Cohen, Marshall H. Cohen 
‘Leon N. Cooper, Raymond D. Cooper, David F. Cope, 
Robert M. Cotts, Laurence J. Couch, John H. Cover, Jr., 
Alvin E. Cowan, Samson A. Cox, William W. T. Crane, 
Warren A. Crapo, Frank S. Crawford, Jr., Alexander Cy- 
briwsky, George F. Dalrymple, Richard F. Daly, Alvin H. 
Davis, Cecil G. Davis, Jr., Thomas B. Day, Ernest A 
DeMetre, Howard C. DeShon, Richard D. Deslattes, David 
DeWitt, Charles A. Domenicali, Robert E. Donaldson, 
James R. Donhaiser, Edward Doucette, McLane Downing, 
James W. Easley, David C. Eckhardt, *David F. Edwards, 
"Fred H. Eisen, *Maurice Eisenstadt, Robert A. Ellis, Jr., 
George Frederick Emch, Werner S. Emmerich, Hiroshi 
Enatsu, Ludwig I. Epstein, William C. Erickson, Fred P. 
Evans, Arthur A. Evett, William H. Faulkner, Jr., William 
S. Filler, Reinald G. Finke, David Finkelstein, Vera K. 
Fischer, Marshall Fixman, Ernest G. Fontheim, Bruce Parks 
Foster, Kenneth W. Foster, *Peter A. Franken, *Reuben G. 
Freemantle, Walter R. French, Jr., James P. Friend, Alfred 
J. Gale, Themistocles E. Ganias, *Donald M. Gardner, 
William H. Gardner, Jr., Charles A. Gasper, *Ednah H. Geer, 
Michael J. Geroulo, Robert Pertsch Gilbert, James C. Gilfert, 
Luc. P. Gillon, Francis N. Glover, S.J., Julien R. Goens, 
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\lan A. Goerlitz, Robert C. Goettelman, "Norman Goldberg, 
‘Walter I. Goldburg, Ralph R. Goodman, Dale Goodson, 
Daniel I. Gordon, Robert B. Green, Jean L. Groven, *Martin 
L. Gursky, G. Richard Hagee, Melvyn L. Halbert, James A. 
Hall, *Lynn Hall, William C. Hansen, Robert S. Harding, 
Edward G. Harris, Richard I. Harrison, William E. Hassinger, 
Jr., James Forman,Hawk, Janet A. Hawkins, Harry G. Heard, 
Charles B. Hearns, Lawrence A. Heinrich, *Robert W. 
Hendricks, William H. Hewitt, Jr., “Wilson J. Hicks, Gordon 
L. Hiebert, Merle N. Hirsh, David C. Hiser, Donald F, 
Holcomb, William C. Holton, *Richard F. Hood, Fritz G. 
Houtermans, Vaino T. Hovi, Ronald Huby, *Lloyd G. Hyman. 
Ryutaro Ishiwari, Yoshide Ishizaki, Gordon F. Jacobus, 
\loysio Janner, Franco P. Jona, Frank C. Jorgensen, George 
F. Jubber, Ronald E. Kagarise, Bernd Kahn, Paul P. Kallos, 
Tohru Kamei, Asher D. Kantz, Arno R. Kassander, Jr., 
\kira Katase, Ludwig Katz, Pieter H. Charles 
Hardy Kelley, William R. Kennedy, John William Kiebler, 
s‘Lawrence E. Killion, Leonard Kings, Toichiro Kinoshita, 
Jun Kokame, Tadashi Komura, Evani Kondaiah, Charles J. 
Kriessman, Paul W. Kruse, Jr., Alan B. Kuper, John L. 
Ladany, Marvin E. Lasser, Eugene Clark 
Lazarus, John P. Lazarus, *Theodore E. 
Li, James P. Lincoln, Cyril T. Linder, 
Rufus C. Ling, *Peter B. Linhart, *Egon E. Loebner, Earle 
Leonard Lomon, *Frank J. LoSacco, *Robert I. Louttit, 
Jan D. Louw, *Radon B. Loveland, *Irving J. Lowe, Oscar 
lr. S. de Lozada, Marvin Lubert, William M. MacDonald, 
Anthony J. MacKay, Romulo Maciel, Robert A. Mack 
Cleon A. Mackliet, William George Maisch, Jerry B. Marion, 
Hugh J. Martin, Jr., Cecil Bernard Mast, Michael M. May, 
Malcolm McCaig, David O. McCoy, John T. McLane, 
James W. Meadows, Jr., David O. Melroy, Andre Mercier, 
George E Merer, Jean May Meszaros, Frank H. Meyer, 
Kozo Miyako, James E. Monahan, James A. Moore, Thomas 
Wendell Morris, Richard G. Morrison, John C. Morrow, III, 
Frank Moser, Daniel T. Murphy, Charles Muscietta, Jr., 
Jiro Muto, Jon H. Myer, Sigeru Nagahara, Yoichiro Nambu, 
Joseph Nemarich, Robert T. Nieset, *Richard E. Nightingale, 
Kazuo Niira, Kiyoshi Nishikawa, Keigo Nishimura, Takehiko 
Oguchi, Kimio Ohno, Albert Okazaki, John F. Ollom, Keith 
W. Olson, Robert W. Olthuis, "George T. Orrok, *Leif Owren 


Keesom, 


Kuranz, *Ivan 
LaVier, Alan J 
Leinhardt, C. W. 
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Seiichi Oyama, Joseph M. Palmer, James N. Payne, Maung 
H. Pe, Lester C. Peach, Cabell A. Pearse, Charles W. Peters, 
Robert C. Placious, Jack R. Plaster, Hans S. Plendl, Edward 
Prince, Lyde S. Pruett, John S. Pruitt, Theodore T. Puck, 
William Knox Pursley, Boris Ragent, "Stanley W. Rasmussen, 
Barton J. Raz, Junius B. Reynolds, Charles A. Roberts, Jr., 
James W. Roberts, Jr., Frederick A. Rojak, Thomas A. 
Romanowski, *Robert H. Romer, Frederick Rothwarf, 
Joseph A. Rudolph, Seymour Sack, Yoshio Saji, Freda 
Salzman, Raymond I. Schneyer, James Asher Schoke, Efrem 
S. Schwartz, Gifford G. Scott, Mary J. Scott, Karl William 
Seemann, Judah Seigel, Robert J. Shalek, Robert B. Shearer, 
Edwin F. Shelley, Sakae Shimizu, Gen Shirane, Hideo Sibata, 
lunshiko Sidei, Samuel D. Siegel, Charles C. Silva, Jr., 
Searl J. Silverman, Harold Alfred B. Simons, Kundan S 
Singwi, Grimes G. Slaughter, James H. Smith, William B. 
Snow, Billie M. Soileau, Masateru Sonoda, Lewis Van C, 
Spencer, Joel S. Spira, William Squire, Burton E. Squires, 
Jr, Harold P. Stephenson, Fred A. Sterzer, *William L. 
Stirling, P. H. Stoker, *Joseph Sucher, Robert E. Swanson, 
Stanley F. Swiadek, Hisawo Takebe, Hidenkuni Takegoshi, 
Igal Talmi, Thomas S. Teasdale, James W. Teener, Alfred 
W. Thiele, Edward C. Thomas, Lewis C. Thompson, Michael 
Tinkham, Louis F. Torghele, Toshiyuki Toyoda, Frank K 
lruby, *William E. Turchinetz, *Daniel H. Tycko, Aaron J. 
Ulrich, Paul M. Uthe, Jr., Edward R. Van Driest, William 
H. Vaughan, Vendryes Georges, Helene Ven Horst, William 
Ferdinand Vogelsang, Peter E. Wagner, Thomas E. Wain- 
wright, Joseph F. Walsh, Peter J. Walsh, Shyh Wang, David 
I. Wanklyn, Robert K. Waring, Jr., *Marcel Weinrich, 
Roy M. Weinstein, Frank L. Wellcome, Jr., Robert G. 
Wheeler, Albert D. Wheelon, *Eyvind H. Wichmann, Fred 
Vernon Wilson, Caspar L. Woodbridge, David F. Wright, 
John J. Yagelowich, Sukeak: Yamashita, Teikichi Yamauchi, 
Takuji Yanabu, Syukuro Yano, Samuel G. Zizzo, Esther R. 
Zucker, and Stanley A. Zwick 
s—-Student 

KARL K. DARROW, Secretary, 

American Physical Society, 

Columbia University, 

New York 27, New York 


Statement approved by the Council of the American Physical Society 
at its meeting in St. Louis, Missouri, November, 1952 


In the past few years, the progress of American 
physics has been impeded by United States visa 
and passport restrictions. A few American scientists 
have been denied passports and many distinguished 
foreign scientists have failed to received United 
States visas even for short visits to attend scientific 
meetings. Other foreign scientists fail to come 
because their visas arrive too late after delays of 
many months or because they had been irritated 
by inappropriate questionnaires and inquisitorial 
personal interrogations. The international notoriety 
of these difficulties is now such that some inter- 
national scientific meetings that originally were 
to be held in the United States are transferred to 
other countries. 


The personal exchange of ideas and the collabora- 
tion with foreign scientists are essential sources 
of information and ideas which cannot be replaced 
by written correspondence or by the study of 
foreign publications. The present restrictions of 
personal contacts are cutting deeply into this 
important source of our scientific production. This 
loss of scientific potential may even jeopardize 
our national security. Had similar regulations been 
in force prior to 1942, it is questionable if the 
United States would have developed radar or the 
atomic bomb during the last war. 

This loss to the United States is not compensated 
by any gain in the security of classified information, 
since the meetings from which the visitors are 
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excluded are open scientific meetings on unrestricted 
subjects. The main reliance for the security of our 
technical secrets must necessarily be on the very 
strict guarding of the information by those who 
have access to it and not on such illusory and 
ineffective procedures as the exclusion of foreign 
visitors from open scientific meetings. Furthermore, 
the interrogations of foreign scientists are chiefly 
effective in excluding and humiliating scientists 
who believe in political and intellectual freedom 


Pity Se At 
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rather than in detecting spies who would be less 
scrupulous about their answers. 

The Council of the American Physical Society 
is not questioning the propriety of excluding any 
person who wishes admission to this country with 
any idea of advancing communism here. However, 
the Council strongly urges a more realistic approach 
by the authorities to the problem of travel restric- 
tions so that free scientific interchange will not 
be impeded. 


Errata Pertaining to Papers D10, H10, K3, K9, Q11, X6, X8, X9, and Sp3 


D10, by R. H. Sands and G. E. Pake. In lines 12 and 13, “intensity to that of Si?® was found 
to be about 4.3+0.5" should read “intensity to that of Si?® was found to be about 2.7+0.5.” 
H10, by George Antonoff and Raymond Madrazo, Jr. In reference 2 the name ‘‘Zakimac”’ should 


read ‘‘Yakimac.”’ 


K3, by W. W. Lindemann and H. J. Hannam. A footnote should be added, reading, ‘Supported by 
the Signal Corps."’ The authors’ affiliation is the University of Minnesota. 
K9, by Theodore J. Krieger and Hubert M. James. In line 8, ‘£(6;;) = A P1(cos@;;) +BP(cos6;;)" 


should read “E(0;;) =A P,(cos&;) +BP2(cos6,;;)."" In the Author Index, ‘Kreiger’’ 


‘Krieger ve 


should read 


Q11, by Rolf M. Steffen. Lines 5 and 6 from the end should read ‘angular correlation: W(0)=1 
— 1.02 cos’d +1.32 cos'd; ag = —1.02+0.05, ag= +1.3240.05, ao+ay= +0.28+0.03." 
X6, by D. D. Van Horn. The title should read ‘‘Diffusion and the Motion of Phase Boundaries 


Binary Alloys.” 


X8, by David B. Langmuir. In line 18 (4) should read (—). In line 19, (—) should read (+). 


In the last line ‘negative 
X9, by R. L. 
exp(—89 500/RT).”’ 


should read “positive. 
Eager and D. B. Langmuir. In line 7, “2 exp(—110000/RT)" should read ‘0.03 


SP3, by George Antonoff. In line 13, ‘comfortable’ should read ‘tconformable.”’ 





PROGRAMME 


FRIDAY MORNING AT 10:00 


Brown Hall 


(A. L. HuGues presiding) 


Address of Welcome by CHANCELLOR A. H. Compton of Washington University 
Response by Vice-President ENrico Fermi of the American Physical Society 


Cosmic Rays 


Invited Papers 


Al. Cosmic-Ray Intensity above the Atmosphere near the Geomagnetic Pole. J. A. VAN ALLEN, 


University of Iowa. (30 min.) 


A2. Properties of Cosmic-Ray Intensity Variations. J. A. Simpson, University of Chicago. (30 min.) 


Contributed Papers 


A3. Recurring Daily Cycles of Nucleonic Component In- 
tensity.* W. H. Foncer, J. W. Firor, anp J. A. Simpson, 
University of Chicago.—A variation of neutron intensity with a 
period of one solar day has been found by averaging data over 
a period of ~65 days. The detectors are lead-paraftin piles 
containing BF3 proportional counters to measure the local 
neutron production from the nucleonic component.'! Measure- 
ments were obtained at geomagnetic latitudes 48°N and 0.5°S 
at an atmospheric depth of 680 g-cm~*. The mean counting 
rates at 48°N and 0.5°S were 620 and 380 counts per minute, 
respectively. After pressure correction the averaged cycles are 
similar to sine functions with peak to peak amplitude ~1 per- 
cent and with maxima near local noon. Using the data at 48°N, 
significant departures from the average cycle have been found 
for individual days. It has also been found that these depat 
tures persist for intervals of 2-3 days and reoccur. The results 
are insensitive to choice of barometric coefficient. 

_ * Assisted by the Office of Scientific Research, A.R.D.C., U. S. Air 


orces. 
1 Simpson, Fonger, and Wilcox, Phys. Rev. 85, 366 (1952). 


A4. Mass Measurements of Heavy Mesons. |). T. KING, 
NATHAN SEEMAN, AND Maurice M. Suaprro, Naval Research 
Laboratory.—Particles of mass 1400+140 m, have been ob- 
served to originate in apparent nucleon-nucleon interactions 
of medium energy. The determinations of mass have been 
derived from measurements of multiple scattering and of 
grain density on long ‘‘gray”’ tracks associated with collisions 
of energetic particles with the nuclei of light atoms in photo- 
graphic emulsions carried high in the atmosphere by free 
balloons. The accuracy of the mass determinations has been 
established by corresponding measurements on similar tracks 
attributable to protons and associated with the disintegration 
of heavy nuclei in the emulsion. The apparent decay in flight 
of one of the heavy mesons is described. The relation of the 
present measurements to those of previous experiments at 
M.I.T. and Bristol is discussed. 


FRIDAY MORNING AT 10:15 


Loudermann Hall 


(F. B. SHuLL presiding) 


Reactions of Transmutation 


B1. Angular Distribution of (d,t) Reactions.* S. T. BUTLER 
and E. E. SALPpeETER, Cornell University—As was recently 
pointed out,! the forward part of angular distributions*® from 
(d,t) (and also (t,d) (d,He*) and (He',d)) reactions can be 
analyzed by a method closely analogous to that employed 
previously* for (d,p) reactions. The theoretical distribution 
is a product of two factors: (1) an oscillating term, identical 
with that appearing in the (d,p) formula, which depends on 
the angular momentum transfer; (2) a form factor, directly 
connected with the momentum space wave function of the 
triton, which decreases monotonically with angle. An approxi- 
mate knowledge of the triton wave function is sufficient for 
determining spin and parities from (d,t) reactions which may 
be more convenient than the equivalent (p,d) reactions. 
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Further, an accurate determination of (d,t) distributions would 
furnish direct information on the triton wave function. An 
analysis of a recent experimental angular distribution® for 
Be*(d,t)Be® will be presented. Further possible experiments 
favorable for investigating the triton wave function will be 
discussed. 

* Supported in part by the ONR. 

1S. T. Butler and E. E. Salpeter, Phys. Rev. 88, 133 (1952). 

2?F. A. El Bedewi, Proc. Phys. Soc. (London) 65, 64 (1952). 


tH. W. Fulbright et al., private communication. 
«4S. T. Butler, Proc. Roy. Soc. (London) A208, 559 (1951). 


B2. Angular Distribution and Differential Cross Section of 
Li‘(n, a)H*.¢ J. B. WEDDELL AND J. H. Roperts, North- 
western University.—Photographic plates loaded with enriched 
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Li® were exposed to unidirectional neutrons at energies 1.1, 
1.5 Mev.! The angular distributions of the tritons of the 
tritons are plotted as functions of the angle ¢o, in the center-of- 
mass system, between the triton and neutron, and fitted to 
expansions of the form A+B cosgo+C cos*¢go. Plates were 
also exposed to two groups of neutrons, of energy 0.6 Mev 
and either 1.1 or 1.5 Mev. The total length of the tracks having 
go <33° or go <68° was determined, and from comparison of 
the two resolved groups of tracks we compute the differential 
cross section, integrated from 0° to 33° or 68°, relative to the 
values? at 0.6 Mev, 33°, 0.17 barn; 0.6 Mev, 68°, 0.27 barn. 
Preliminary results are 1.1 Mev, 33°, 0.068 barn; 1.5 Mev, 33°, 
0.16 barn; 1.5 Mev, 68°, 0.27 barn. Corrections are made for 
thermal background and for the probability that each track 
obeys the selection criteria. Work now in progress will extend 
the results to 2.0 and 2.5 Mev 
t Work performed under AEC Contract 


1G. R. Keepin, Jr H. Roberts, Rev. Sci. Instr. 21, 163 (1950) 
2). M. Blair and Hand (private communication). 


B3. The Spin of the 7.4-Mev State of Li’. W. O. SoLano 
AND J. H. Ropers, Northwestern University—We have made 
a remeasurement of the angular distribution of the tritons 
from the reaction Li®(n, a) for 270-kev neutrons. Calculation 
of the angular distribution /(6@) assuming spin 5/2 yields a 
relationship for the ratio R, of the resonance part of the total 
absorption cross section to the nonresonance part, in terms 
of the coefficients of the angular distribution.! The unpub- 
lished absorption cross-section measurements of Blair and 
Holland show R to be about 3. Fitting the measured angular 
distribution of tritons in the c.m. system with a function of the 
form A+Bcosé+Ccos’@ gives 1(0)=0.0556+-0.0197 cos6é 
+0.0721 cos??. Thus R=3.1, which is consistent with spin 
5/2, as indicated by the total cross section. The measurements 
were made with Li® loaded Ilford C-2 nuclear emulsions, ex- 
posed to 270-kev neutrons from the Oak Ridge electrostatic 
generator. Improved techniques permitted a more positive 
identification of background due to thermal neutrons and a 
more precise assignment of the probability that a given track 
may fail to meet geometric selection criteria. 


t Work supported by AEC Contract 
1M. Peshkin and A. J. F. Siegert, Phys. Rev. 87, 735 


1952) 

B4. Angular Distributions of Protons from the Reaction 
F'9(d, p)F®.¢ H. W. Fucsricur, D. A. BROMLEY, AND J. A. 
Bruner, University of Rochester.—A Teflon (CF,) target was 
bombarded with 3.6-Mev deuterons from the Rochester 26- 
inch cyclotron, and the angular distributions of the resulting 
proton groups were determined using an ionization chamber 
detector. Table I gives the angular momentum transfer (de- 


PaBLe | 


0.92 +0.18 mb/sterad (at 45°) 

7.15 +1.4 mb/sterad (at 45°) 
<8 mb/sterad (at 45°) 
=116+423 mb/sterad (at 7°) 


Ground state 

0.05. Mev level ; 
2.05.Mev level n=2 
3.49 and 3.53(?) Mev level / 0 


Oand 2 
, 


termined by comparison with the Butler curves) and the cross 
sections corresponding to the indicated levels in F?®, These 
F® states were found to have even parity, and the ground- 
state spin was determined to be 1. 


t This work was supported in part by the AEC, 


BS. Gamma-Rays from Proton Bombardment of Sodium**. t 
J. W. Teener, L. W. SEAGONDOLLAR, AND R. W. KRONE, 
University of Kansas.—Thick and thin targets of sodium were 
bombarded with protons at energy intervals of 5 kev over the 
energy range of 800 to 1700 kev. Thirteen resonances were 
found at energies in general agreement with earlier work.! 
Each resonance was investigated with the thin target at proton 
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energy intervals of 1 kev. Target thicknesses were calculated 
by comparison of thick and thin target data by the method of 
Berret et al.2 Excitation levels in Mg™ were calculated. The 
energies of the gamma-rays emitted at several resonances were 
compared by means of a single Nal(TII) crystal to the 
energies of gamma-rays from Cs? and Sb'™ and to the 
energies of gamma-rays from the bombardment of thick F® 
and thick Li targets with 1.15-Mev protons. The results of the 
energy measurements are in disagreement with other recent 
work.’ 

t Work supported in part by the ONR. 

1R. L. Burling, Phys. Rev. 60, 340 (1941), 


? Bernet, Herb, and Parkinson, Phys. Rev. 54, 398 (1938). 
4Stelson, Preston, and Goodman, Phys. Rev. 86, 629 (A) (1952). 


Bo. Electrostatic Analysis of Nuclear Reaction Energies.* 
D. J. Donanvur,t K. W. Jones, M. T. MCELLIsTREM, AND 
H. T. Ricuarps, University of Wisconsin.—A spherical electro- 
static analyzer! has been used to measure the reaction energies 
listed in Table I. The incident particle energy is defined by a 


Pase I. 


i nergy of 
O (Mev) excited state 
Na®(p, a)Ne® 379 +0.003 
Na®(p, a)Ne* 745 +.0.002 
Na™(p, p’)Na™* $39 +0.001 
Me*(p, p’) Mg** 371 +0,002 
Al22(p, p’)Al™* 0.843 +0002 
\P7(p, a) Me 1.594 4+0.002 
AP7(p, a) Mg™* 0.228 40.003 


Reaction 


1.634 +0,004 
0.439 +0.001 
1.371 +0.002 
0.843 +0.002 
1.366 +.0.004 


cylindrical electrostatic analyzer and the reaction particles 
are observed at 135° to the incident beam. In addition, the 
B"(p, a)Be® reaction has been used as a source of Be*. Pre- 
liminary data indicate that the Be* break-up energy is 96+3 
kev. 

* Work supported in part by the AEC and in part by Wisconsin Alumni 
Research Foundation 

t Now at General Electric Company, Hanford Works, Richland, Wash 


ington, 
! Browne, Craig, and Williamson, Rev. Sci. Instr. 22, 952 (1951). 


B7. Magnetic Analysis of Protons from Cr**(d, p)Cr**® and 
Ni®8(d, p) Ni**.* C. E. McCFarRLanp, M. M. BRETSCHER, AND 
F. B. Suutt, Washington University —A uniform-field mag- 
netic spectrometer of 42.25-cm mean radius was used to 
analyze the protons from the Cr®(d, p)Cr® and Ni58(d, p) Ni%® 
reactions. The incident deuteron beam was accelerated by the 
Washington University cyclotron, and its energy was about 
10.2 Mev. The protons were observed at an angle of 90° rela- 
tive to the deuteron beam and were detected by photographic 
plates. A series of 12 or more plates exposed at graduated 
values of magnetic field covered the interesting range of 
proton momentum thoroughly. The deuteron energy was 
determined from the same sets of plates by an analysis of the 
O'*(d, d)O" reaction. The targets were isotopically-concen- 
trated Cr,O3 and NiO loaned by the Atomic Energy Com- 
mission. Eight well-defined proton groups from the chromium 
target yield Q values of 5.70, 5.16, 4.73, 3.41, 3.04, 2.50, 2.05, 
and 1.60 Mev. Six well-defined proton groups from the nickel 
target yield Q values of 6.77, 6.35, 3.69, 2.20, 1.57, and 1.11 
Mev, and it seems possible that at least one unresolved group 
would yield a Q of about 3 Mev. 


* Assisted by the joint program of the ONR and AEK¢ 


B8. The Yield of Long-Range a-Particles from F!*(p, a)O'*. 
E. B. Paut anp R. L. Clarke, Chalk River Laboratortes. 
The yield of long-range a-particles from the proton bombard 
ment of fluorine has been studied at 90° to the proton beam 
using the Chalk River Electrostatic Accelerator. The measure- 
ments were made at proton energies which ranged from 0.8 
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to 2.0 Mev, and evaporated CaF, targets less than 30 kev 
thick were used. The a-particles were analyzed magnetically 
and detected in a proportional counter. In addition to pre- 
viously reported! resonances, two new resonances in the long- 
range a@-particles yield were observed at proton energies of 
1.72 and 1.92 Mev. These occur at the same energies as two of 
the resonances reported? in the yield of pairs from the 6.05- 
Mev state of O'8, and the ratio of tle yields at these two reso- 
nances in the observed a-particle yield curve is very different 
from that reported for the pair yield curve. 


1 Chao, Tollestrup, Fowler, and Lauritsen, Phys. Rev. 79, 108 (1950) 
2G. C. Phillips and N. P. Heydenberg, Phys. Rev. 83, 184 (1951) 


B9. Energy Distributions of Photoprotons from Heavy 
Elements.* W. E. SterpHens, M. E. Toms, E. E. CARROLL, JR., 
AND G, RosENBLUM, University of Pennsylvania.—The energy 
distributions of the photoprotons ejected from indium, 
cerium, and bismuth by 24-Mev betatron x-rays have been 
measured and compared with calculated distributions based 
on Courant’s direct photoeffect and Weisskopf's evaporation 
process. The direct photoprotons can in these cases be partially 
distinguished from the evaporated protons in the basis of 
energy distribution. The results of such an analysis give ob- 
served yields in particles per mole per roentgen unit and com- 
parable calculated yields as shown in Table I. The agreement 


TABLE I. 


Direct protons 


Observed Evaporated protons 


Bi 3.5 +108 0 
Ce 6.6 “10% 





104 
104 


3.8° 
In 7.5 -108 4.5°10¢ 


ro #13 
0.3 +104 
0.02 -10* 
0.5 -10* 


ro =1.5 
1.3 -108 
0.07 -104 
“108 


Calculated 
Bi 1.5 106 
Ce 0.7 -108 
In 2 -106 1 





seems reasonable except for cerium and indicates the impor- 
tance of the direct photoeffect for the (y, p) process in heavy 
nuclei. 


* Assisted by the Air Research and Development Command and by the 
joint program of the ONR and AEC. 
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B10. Photoprotons from Mo™ and Mo*.* \V. A. BUTLER 
AnD G. M. Amy, University of Illinois —The energy and 
angular distributions of photon-protons from concentrated 
isotopes Mo! and Mo™®, irradiated with betatron x-rays of 
22.5-Mev maximum energy, have been determined from the 
tracks of the protons caught in nuclear emulsions. For Mo! 
it had been shown from (y, p) and (y, ») induced activities 
that the binding energy of a proton B, <s 2.4 Mev greater 
than that of a neutron B,, and that the ratio o(y, p)/a(y, n) is 
about 100 times that expected from a statistical model calcu- 
lation. The latter result was confirmed by a comparison of the 
directly observed proton spectrum with a calculated spectrum. 
rhis implies that the protons are mainly emitted in a direct 
process without the usual competition with neutron emission. 
The shape of the observed proton spectrum requires, however, 
that the directly emitted protons leave the residual nucleus 
with an exponential energy distribution. In angular distribu- 
tion most of the protons from 5 Mev to 12 Mev (maximum 
possible) show marked asymmetry, peaked forward of 90°, 
similar to the distribution found for the small anisotopic 
components in Cu and Co. For Mo® B, exceeds B, by 5.1 Mev 
and the proton energy and angular distributions have the same 
small but definite departures from those predicted from the 
statistical model which have been found in other nuclei for 
which B,>B,. 


* Supported by the joint program of ONR and AEC. 


B11. Relative Photofission and Photoneutron Cross Sec- 
tions for U2**,* Joun R. HuizeEnGa, Argonne National Labora- 
tory, AND Robert B. Durrie tp, University of Illinois.—The 
yields of the two reactions U** (gamma, m) U*? and U*§ 
(gamma, fission) produced by x-rays from the University of 
Illinois 22-Mev betatron have been measured as a function of 
betatron energy. The ratio of the number of fissions to the 
number of U*? atoms was 0.35 at 8 Mev, decreased to 0.25 
and 12 Mev, and then increased to 0.42 at 22 Mev. These 
data are interpreted to show that with betatron energies in 
excess of 12 Mev, an increasing fraction of the U*’ atoms 
formed are left with sufficient excitation energy that they 
can undergo fission or emit an additional neutron.’ These 
secondary processes increase the total fission yield and de- 
crease the U*? yield. 

* This work supported by the joint program of the AEC and ONR 

1J.S. Levinger and H. A. Bethe, Phys. Rev. 85, 577 (1952) 
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Wilson Hall 


(N. S. GINGRICH presiding) 


Electron Emission 


Cl. Use of Ba!” in Studies of Oxide Coated Cathodes.* 
J. H. AFFLECK AND L, V. HoLroyp, University of Missouri.— 
Some experiments on oxide coated cathodes using the radio- 
isotope Ba'® as a tracer are presented. An oxide cathode of 
BaO containing Ba"® is used as an evaporator in a tube con- 
taining several movable receivers for collecting the evaporated 
BaO. The activity of the receivers indicates the amount of Ba 
deposited. An improved tube design permits making the 
activity measurements through a thin glass bubble window in 
the side of the tube. The results show that the time rate of 
deposition is constant for a given temperature. By using a 
similar tube, one can measure the rate at which ‘‘free’’ Ba, 
produced at the interface, diffuses to the surface and is evapo- 
rated to the anode. The technique of spraying radioactive 
BaCOs is introduced in order to introduce cathodes of normal 
coating weight and density containing appreciable Ba! 
(0.25 mc/g). These cathodes are operated under quiescent 


conditions for various periods of time. After life test the ac- 
tivity of the cathode interface is measured. This activity is 
related to the interface thickness, and its rate of formation can 
be determined as a function of life. 


* Supported in part by the ONR. 


C2. Effect of the Evaporation Products from a BaO Coated 
Cathode on the Secondary Emission of MgO Thin Films.* 
B. V. Haxsy AND P. WarGo, University of Minnesota.—The 
exposure of a secondary emission surface to the evaporation 
products of an oxide coated cathode gradually poisons the 
surface. With the use of a cathode coating including a radio- 
active tracer of Ba'*, this effect has been measured as a func- 
tion of the number of equivalent atom layers of Ba deposited 
on the secondary emitter, a thin MgO film on Mg—Ag alloy. 
The cathode consisted of single BaO coating on a 499-Ni base. 
The overburden thickness is given as equivalent atom layers of 
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Ba because the relative concentration of Ba and BaO coming 
off the cathode is not known. The secondary yield increased 
initially, reaching a maximum after the deposition of about one 
equivalent atom layer. At abou® three layers 6 has returned 
to its initial value. The yield then decreases more or less uni- 
formly until approximately fifteen equivalent layers have been 
laid down, beyond which little change occurs. These results are 
independent of the primary electron energy. 


* Supported by the U.S. Army Signal Corps 


C3. Rate of Evolution of the Constituents of an Oxide 
Coated Cathode as a Function of the Molar Composition of 
the Coating.* R. W. Pererson, University of Minnesota. 
Simple planar diodes containing radioactive isotopes of Ba or 
Sr in cathode coatings having varying molar compositions 
of Ba and Sr are processed, aged, and run on life test. The 
cathode based nickel used is No. 499 passive nickel. A re- 
movable electrode is provided to shield the anode from the 
cathode during processing and aging so as to distinguish 
between cathode products evolved during processing and 
aging and that evolved during life. Tubes are aged for four 
hours at cathode brightness temperature of 855°C and run 
on life for 118 hours at the same temperature. It is found that 
over a range of molar compositions of Ba from 20 percent to 
50 percent the evolution of Ba is essentially independent of 
molar Results of these experiments will be 
reported, 


‘ omposition. 


* Supported by U.S. Army Signal Corps. This work is an extension of 
the work reported by W. EF. Leverton and W. G. Shepherd, J. Appl. Phys. 
22, 787-793 (1952) 


C4. Analysis of the Schottky Deviation for the Highly 
Refractory Metals.* 1). \W. Juenker, G. S. COLLADAY, AND 
E. A. Coomes, University of Notre Dame.—-A summary has 
been made of all the available thermionic Schottky deviation 
data on the highly refractory metals, tungsten, tantalum, 
and molybdenum. Comparison with a corrected version of the 
Guth-Mullin theory'*? makes possible the following conclu- 
sions: (a) The mirror-image form is the correct one for the 
surface barrier. (b) The phase of pe riodic deviations is inde- 
pendent of field, indicating that the image potential is termi- 
nated close to the surface. (c) The magnitude of the devia- 
tion phase is less than that computed for the ‘box model” by 
about a quarter-period for all the metals investigated. This 
indicates a potential form near the surface somewhat different 
from the abrupt box model, and a close similarity in this form 
for the three highly refractory metals. (d) Experimental values 
for the magnitude of the surface reflection coefhicient are not 
inconsistent with the box model, and suggest that the depar- 
ture of the real potential shape from this model cannot be 
extreme. 

* This research was sponsored by the U.S. Navy Bureau of Ships 


1K. Guth and C, J. Mullin, Phys. Rev. 59, 575 (1941). 
7K, Guth and C. J. Mullin, Phys. Rev. 61, 339 (1942), 
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C5. The Patch Effect for the Thermionic Emission from 
Polycrystalline Tantalum.* E. A. Coomes, J. A. DEZOTEUS, 
AND J. F. WHALEN, University of Notre Dame.—The patch 
modifications in the Schottky effect have been studied for 
tantalum as a function of thermal aging, and the effect of 
grain growth has been separated from that of thermal etching. 
When 3-mil tantal:im filaments are heated on either ac or de, 
crystal grains several times tne wire diameter appear within 
the first 10 hours. These grains develop on continued thermal 
aging; associated with this growth, the high-field break in the 
Schottky plot moves from an E of about 100 (volt/cm)? to 
about 25 (volt/cm)* during 26 hours of heating. Within about 
15 hours of aging at 2500°K, the characteristic thermal etch 
appears on some grains of the dc heated filaments, but not on 
those heated on ac. The Schottky plots for the de case now 
show an additional high-field break at about 200 (volt/cm)? 
and a low-field break at about 120 (volt/em)4. Herring and 
Nichols! suggest that this anomalous region due to a super- 
structure on the crystal grains might appear. 


.S. Navy Bureau of Ships. 
. Modern Phys. 21, 185 (1949) 


* This research was sponsored by the I 
1C,. Herring and M. H. Nichols, Re 
Chapter 2 


Co. A Technique for Secondary Electron Emission Meas- 
urements. E. J. Scorr, U.S. Naval Ordnance Laboratory. 
A new technique suitable for the study of secondary electron 
emission from metals and insulating materials is described. 
The usual methods employ either the pulsed primary beam or 
the pulsed collection techniques. These fail for very good 
insulators. The new method employs collection pulses syn- 
chronized with two separate primary beam pulses, one of which 
produces the secondary electrons while the other erases the 
charge on the emitting surface. In this manner it is possible to 
control the rate of charging of the surface of the material under 


investigation. 


C7. Secondary Electron Emission of MgO Single Crystals 
with Excess Oxygen.* K. C. Nomura, University of Minne- 
sota.—The secondary electron yield of MgO single crystals 
has been measured for several densities of excess oxygen. The 
measurements of 6 were made using a pulse technique. The 
density of the excess O, was determined from optical absorp- 
tion measurements using Pohl’s formula,! which has been 
verified experimentally by Weber? for this case. As the oxygen 
content decreased from 9X 10" em~$ to 3X 10!" cm~ the value 
of dmax increased from 5.7 to 6.7. The value of the secondary 
stochiometric crystal was found 


emission coefficient for a 


to be 8. 


* Work supported by U. S. Army Signal Corps. 

1R. W. Pohl, Einfiihrung in die Optik (Frederick ngar Publishing 
Company, 1943), S184, Gl. 204, 205 

27H. Weber, Z. Physik 130, 392-402 (1951) 


Post-Deadline Papers, if Any 


FRIDAY MorNING AT 10:15 
Crow Hall, 101 


(G. E. PAKE presiding) 


Atomic and Molecular Spectra; Magnetic Resonance 


D1. The Hyperfine Structure of the Ground State of 
Aluminum. Hin Lew anp GUNTER WESSEL, National Re- 
search Laboratories, Ottawa.—The measured ratios of the hyper- 
fine structures of the 2? ground states of Ga, In, and TI differ 
from the theoretical ratios for a single p electron. It has been 


shown!? that this is due to a disturbance by higher configura- 
tions, and that the magnetic dipole interaction constant 
a(?P}) is less disturbed than a(??P4), while the effect on the 
quadrupole interaction constant b(?P 4) is negligible. Conse- 
quently, nuclear quadrupole moments should be calculated 
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with the average value of 1/r* taken from a(?P;) rather than 
a(?P4). Since there did not exist a very accurate determination 
of a(3p?P4) of Al*?, we undertook to measure it by the atomic 
beam magnetic resonance method, and have found Av=3a 
= 1506.14+0.05 Mc/sec. This result, along with the measure- 
ments on the *P3 state by Lew,’ shows that the effect of per- 
turbation is small for aluminum. This fits in well with the 
observed decrease of configuration interaction frem Tl to Ga. 


The influence on the quadrupole moment of Al will be briefly ° 


discussed. 


1E, Fermi and F. Segré, Rend. reale accad. d'Italia 4, 18 (1933); Z 


Physik 82, 729 (1933). 
Koster, Phys. Rev. 86, 148 (1952). 
s Hin Lew, Phys. Rev. 76, 1086 (1949). 


D2. Hyperfine Structures of the Resonance Lines of 
Indium 1.* G. V. DEVERALL, K. W. MEISSNER, AND G. J. 
Zissis, Purdue University—In the process of developing an 
atomic beam light source for use at high oven temperatures, 
an investigation of the indium resonance lines at 4511A and 
4101A was carried out. The employment of a well-collimated 
atomic beam, excited by electron impact, and of a Perot- 
Fabry interferometer made it possible to resolve clearly all 
components of the hyperfine structures of both lines. The 
complete resolution of the line 4511A has not been accom- 
plished with other light sources'~* The high spectroscopic 
accuracy led to values of the hyperfine splittings of the 
5*P4,4 terms which agree within +0.0004 cm™ with the values 
obtained by microwave methods.*® Furthermore, a precise 
value for the hyperfine splitting of the 6S; term was obtained, 
namely 0.2814+0.0005 cm™. 

* Supported in part by ONR contract 

1H. Schuler and T. Schmidt, Z. Physik 104, 468 (1937) 

2D. A. Jackson, Z. Physik 80, 59 (1933). 

8J.S. Campbell and R. F. Bacher, Phys. Rev. 38, 1906 (1931) 


«A. K. Mann and P. Kusc h, Phys. Rev. 77, 427 (1950). 
5 P,. Kusch and H. M. Foley, Phys. Rev. 74, 250 (1948). 


D3. The Molecular Constants of Methyl Alcohol. FE. V. 
IvasH* anD D. M. Dennison, University of Michigan.— 
Values for the molecular constants of methyl alcohol have 
been obtained using the observed microwave data. The calcu- 
lations are based on the theory of Burkhard and Dennison! 
for the asymmetric molecule with hindered rotation, and 
utilize the measurements of Hughes, Good, and Coles.? Values 
have been obtained for the barrier height, for the moments of 
inertia, and for the inter-atomic distances arving, < on the whole, 
good agreement with the experimental results. Some of these 
calculated values are: (1) a barrier height of 37 4.8 cm™; (2) 
5.333 X10-* g cm? for the moment of inertia of the methyl 
group about its symmetry axis; and (3) a displacement of 
0.079A of the oxygen atom from the methyl group symmetry 
axis away from the hydrogen atom. 


Austin, Texas. 
Phys. Rev. 84, 408 (1951) 
84, 418 (1951). 


* Now at the University of Texas, 
11). G. Burkhard and D. M. Dennison, 
? Hughes, Good, and Coles, Phys. Rev. 


The 


D4. Electronic Spectra of Diatomic Molecules: 
Oxygen Molecule. Fausto G. Fumi* anp Ropert G. Parr, 


Carnegie Institute of Technology.—A scheme is proposed for 
the computation of electronic energy levels of diatomic mole- 
cules with fair accuracy and minimum labor. The theoretical 
LCAO MO method including configuration interaction is 
employed. However, the energies of the asymptotic dissocia- 
tion products for the various states are taken from atomic 
data," and the calculation of the interaction energies is sim- 
plified by the formal neglect of differential overlap in the 
electronic repulsion terms.? The first application is made to Op, 
and the results are in substantial agreement with experiment 
and with a previously more involved calculation by Moffitt.’ 

* Research Corporation Postdoctoral Fellow. 

1W. Moffitt, Proc. Roy. Soc. (London) A210, 245 (1951). 


?R. Pariser and R. G. Parr, J. Chem. Phys. (to be published) 
tW. Moffitt, Proc. Roy. Soc. (London) A210, 224 (1951). 
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D5. Normal Coordinate Analysis of 1, 3, 5-Trifluoro- 
benzene. ELpon E. FerGuson, University of Oklahoma. 
A normal coordinate analysis has been carried out for the non- 
planar and the totally-symmetric vibrations of the 1,3,5- 
trifluorobenzene molecule, based on the frequency assignments 
of Nielsen, Liang and Smith! and utilizing results from Craw- 
ford and Miller's normal coordinate treatment of benzene.*? 
The analysis of the nonplanar vibrations has furnished strong 
support for Nielsen, Liang and Smith's tentative assignment 
of the lowest 42’ fundamental and has led to the conclusion 
that their value for the highest E”’ fundamental is too high. 
The spectral data have been re-examined, anda reasonable new 
assignment has been given for this £”’ fundamental. A plausible 
reinterpretation of several of the observed combination and 
overtone bands is given which is consistent with the change in 
assignment of the £”’ fundamental. The analysis of the totally- 
symmetric planar vibrations has yielded a value of 6.37 105 
dynes/em for the CF bond stretching force constant. This is 
appreciably higher than that found in fluorinated saturated 
hydrocarbons. 
No. 9, p 


Phys. 17 
Phys. 14, 


177 (1950) 
249 (1949) 
282 (1946). 


1 Nielsen, Liang, and Smith, Dise. Faraday Soc. 
2B. L. Crawford, Jr., and F. A. eg “r, J. Chem 
*F. A. Miller and B. L. Crawford, Jr., J. Chem. 


D6. Vibrational Spectra and Calculated Thermodynamic 
Properties of CCI,;CF,Cl and CCI,CFCI,*. J. Rup Nig_sen 
anp C. Y. LianG, University of Oklahoma, ann D. C. Smiru 
aND Morris Acpert, Naval Research Laboratory.—The infra- 
red spectra of liquid CCIs;CF,CI, and of CCIl;CFCI, as glass 
and in CS, solution, have been obtained in the region from 
2 to 38u4 with the aid of LiF, NaCl, KBr, and KRS-5 prisms 
Ihe Raman specfra of these compounds in the liquid state, at 
25° and 120°C, respectively, were photographed with a three- 
prism glass spectrograph of linear dispersion 15A/mm at 
4358A. Relative intensities and depolarization ratios were 
measured for all but the weakest Raman bands. Complete 
assignments of fundamental vibration frequencies have been 
made, the spectra have been interpreted in detail, and thermo- 
dynamic functions have been calculated. 


D7. The High Pressure Inversion Spectrum of ND, 
near 1500 Mc. G. BirNBAUM AND A. A. Maryort, National 
Bureau of Standards.—Vhe absorption of ND, associated with 
the inversion spectrum of the ground vibrational state has 
been measured at a number of frequencies between 1100 and 
2600 Mc and at pressures between 3 and 800 mm Hg. Fine 
structure appears to be obliterated by pressure broadening 
even at the lowest pressure. A reasonably good representation 
of the data for pressures up to 100 mm was obtained with a 
single Van Vleck-Weisskopf shape factor, provided the line 
breadth Av and the resonance frequency vo were adjusted for 
each pressure. It was not possible to fit data above 100 mm in 
this manner. Initially vo has the value 0.0526 cm~ but has 
shifted noticeably at 10 mm and becomes substantially zero at 
80 mm. By comparison with NHsg, this shift occurs at pressures 
roughly fifteen-fold lower, a result in the direction expected 
from Margenau’s theory.! Av/p decreases with increasing 
pressure, the rate of change being considerably greater at the 
lower pressures. These results will be compared with similar 
results for NHs3, and their significance will be discussed 


H. Margenau, Phys. Rev. 76, 1423 (1949). 

D8. Variation of Mutual Collision Diameters with Mix 
Ratio in Binary Mixtures in Microwave Pressure Broadening. 
L. C. Jones, A. V. Busukovircn, C. A. Porter, anp A. G. 
Rouse, Saint Louis University.—It has been previously found! 
that mutual collision diameters of foreign perturbers deter- 
mined from pressure broadening of ammonia microwave 
absorption lines vary with mix ratio. Extensive measurements 
of the collision diameters of oxygen and helium in binary 
mixtures with ammonia have now been made using gas 
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mixtures that were chemically analyzed at various pressures 
to correct the mix ratio. The variation with mix ratio was again 
observed. A least squares reduction of the data gave the 
following results for the variation of collision diameters 
measured in angstroms: oxygen-ammonia, b).=4.71—8.52 
X10-* (percent oxygen); helium-ammonia, b,.=2.47—2.98 
10-4 (percent helium). 

! Potter, Bushkovitch, and Rouse, Phys. Rev. 83, 987 (1951) 

D9. The Possible Microwave Absorption in the Molecules 
Belonging to the Point Groups D,a=Vqa and Ty.* VEN- 
KATESWARLU PuTCHAt AND MASATAKA MizusHIMaA, Duke 
University.—It is shown that pure rotational absorption in the 
molecules belonging to the point group Dra= Va (allene, etc.) 
is possible if the molecule is in an excited doubly degenerate 
vibrational state. The approximate positions of these lines, 
as calculated from the B value obtained from the infrared 
data, fall in the microwave region in the case of allene and 
allene-dy. The same type of absorption is also possible in the 
molecules belonging to the point group 74 if they are in the 
excited triply degenerate (/2) vibrational states. The matrix 
element of dipole moment corresponding to our transition is 
calculated, and it was shown to be proportional to the second 
derivative of the dipole moment with respect to the corre- 
sponding normal coordinate. (The first derivative will also 
contribute some through the effect of anharmonicity.) It is 
interesting that the above matrix element of dipole moment is 
about the same as that of the overtone vibrational bands. 
with Air Force Cambridge Research 


contract 


* Work 
Center, 
t Also written as Putcha Venkateswarlu. 


supported by 
. 


D10. Anomalous Results in an Attempt to Determine the 
Spin of Si*.t R. H. Sanps anp G. E. PaKe, Washington 
University.—An attempt has been made to determine the spin 
of Si®* through comparison of its integrated absorption in- 
tensity with that of an equal number of I’ nuclei. The 
sample consisted of 0.4295 g of enriched SiOz, amorphous 
powder, obtained on loan from Oak Ridge National Labora- 
tory, in a physical mixture with KI powder. The sample was 
placed in a Pound type spectrometer, and the magnetic field 
was adjusted so that both resonances could be recorded at the 
same frequency without any instrumental adjustments. The 
ratio of the I'’ integrated intensity to that of Si?® was found 
to be about 4.3+0.5 over a range of experimental conditions. 
Since the intensity is proportional to /(J+1) and the spin of 
[27 js 5/2, the ratio should be 11.7, 2.3, or 1.0 if the Si®® spin 
were 1/2, 3/2, or 5/2, respectively. Possible systematic errors 
will be discussed, and a number of silicon-containing materials 
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not yielding a resonance will be listed. Anomalies in Si** 
resonances have also been found by the Stanford group.' 


t Assisted by the joint program of the ONR and AEC, 
1S. Dharmatti (private commu.ication), 


D11. Nuclear Magnetic Relaxation in Polytetrafluoro- 
ethylene and Polyethylene.* C. W. Witson, III, anp G. E 
PAKE, Washington University.—The thermal relaxation time 
T,; and the inverse line width parameters 7, have been meas- 
ured in the two linear polymers, polyethylene and polytetra- 
fluoroethylene (Teflon), over a temperature range from 
—180°C to about +200°C. The experiments present com- 
plexities which can be explained by assuming that each sub- 
stance possesses two values of 7; and two values of 7». A 
suggested interpretation, based upon the fact that these 
polymers are stable mixtures of crystalline and amorphous 
regions, permits one to estimate the degree of crystallinity 
using the experimental data. The first-order transition! at 
20°C in Teflon was studied with particular interest. No effect 
was observed on the resonance attributed to amorphous re- 
gions, which can be reasonably well described using the theory 
of Bloembergen et al.? for fluids. The resonance from crystal- 
line regions narrows in the neighborhood of the transition. 
Possible motions of the polymer chains which are consistent 
with the data will be discussed. 

* Assisted by the joint program of the ONR and AEC. The large electro 
magnet and part of the electronic equipment were provided through a 
grant from the Research Corporation 


1 Rigby and Bunn, Nature 164, 583 (1949) 
3? Bloembergen, Purcell, and Pound, Phys. Rev 


73, 679 (1948). 

D12. Homogeneity Mapping of a Permanent Magnet Field 
for Chemical Effect Studies in Nuclear Resonance.* C. R 
Bruce (introduced by G. E. Pake), Washington University. 
The magnetic field in the gap of a permanent magnet has been 
plotted in considerable detail using the proton resonance from 
mineral oil samples as small as one cubic millimeter in volume 
This has been done for several planes parallel to the pole faces. 
These contour plots show the field to be quite inhomogeneous 
and intricate in the planes near the iron of the pole faces. 
However, the homogeneity improves rapidly, and the detail 
of the pattern disappears in planes slightly further from the 
iron. The plots were used to find homogeneous regions suitable 
for observing the chemical shift of the proton resonances 
arising from nonequivalent nuclei within the same molecule.? 
Charts of the field contours will be shown with special empha- 
sis placed upon the effect of proximity to the iron. 


* Assisted by the joint program of the ONR and AEC. 
1! Arnold, Dharmatti, and Packard, J. Chem. Phys, 19, 507 (1951). 
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Invited Papers 


El. Measurement of Neutron-Capture Gamma-Rays. BERNARD HAMERMESH, Argonne National 


Laboratory. (30 min.) 
E2. Accurate Determination of! Disintegration-Energies. G. C. Puiturps, Rice Institute. (30 min.) 


Apparatus of Nuclear Physics 


E3. Fast Neutron Scintillation Spectrometer. MARSHALL 
R. CLELAND, National Bureau of Standards.*—The Monte 
Carlo sampling procedure has been used to evaluate a pro- 
posed spectrometer for neutrons with energies above 1.0 Mev. 


The efficiency is shown to be about 0.15 percent and the energy 
resolution about 10 percent for 14.0-Mev neutrons. This 
instrument employs a cylindrical phosphor, 5 centimeters in 
diameter and 5 centimeters long, composed of a half-and-half 
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mixture of phenylcyclohexane and methyl! borate activated 
with 3-5 grams of p-terphenyl and 10-15 milligrams of di- 
phenylhexatriene per kilogram of phosphor.' Only those 
events are recorded in which the neutron is first thermalized 
by elastic collisions and then captured by boron. The capture 
criterion strongly favors neutrons that lose most of their 
energy at the first collision, hence the narrow pulse-height 
distribution. The mean time interval between the recoil 
proton pulse and the boron capture pulse is shown to be about 
2.0 microseconds with 18.8 percent boron-10 and about 0.25 
microsecond with 94 percent boron-10. The efficiency and 
energy resolution are shown to be the same for normal and 
enriched boron. The delayed pulse distinguishes fast neutrons 
from most other radiations. Although it does not rule out 
inelastic scatterings, it assures that the neutron was not 
absorbed at high energy. The spectrometer is nondirectional 


the Office of Basic Instrumentation. 
Thomas, Phys. Rev. 85, 926 (1982 


* Supported by 


1C.O. Muehlhause and G 


E4. A Velocity Spectrometer Using a Microsecond Neu- 
tron Shutter. F. G. P. Serpi, D. J. HUGHES, AND H. PALEvsky, 
Brookhaven National Laboratory.*—A neutron shutter (com- 
monly called a “chopper'’) has been designed and put into 
operation as part of a time of flight spectrometer, which sepa- 
rates pile neutrons in a collimated beam according to their 
various times of flight between the chopper and a detector 20 
meters away. The chopper action depends upon a fast- 
spinning rotor which, when spinning at 6000 rpm, periodically 
produces neutron bursts, each having a full width at half- 
maximum of one microsecond. Since detector pulses are 
electronically sorted into various 2 microsecond channels, ac- 
cording to time after each burst, a resolution of 0.2 micro- 
The open-beam counting rates per 


second/meter results. 
10 counts/minute above back- 


channel are never less than 


ground. Curves of neutron transmission vs energy will be 
shown. Since the chopper rotor has been designed to spin at 
12,000 rpm, we plan to run at higher resolution in the near 
future. The spectrometer will be used to study transmission 
effects for neutrons from 1 ev to 10 kev. 


* Work carried out under contract with \b¢ 


ES. Extrapolated Ionization Ranges for 10- to 250-kv Protons 
in Various Gases. T. JORGENSEN, E. JONES, AND C. J. Cook, 
University of Nebraska.—An analyzed beam of protons is 
admitted into a gas filled stopping cell through a differential 
pumping “window,” and the ionization produced along the 
beam is measured by a double grid ionization chamber. This 
chamber is so arranged that its transverse dimension may be 
varied. It has been found that the range is uniquely determined 
for an effective chamber radius larger than the ionization 
envelope of the beam in the stopping gas. The results of the 
measurements are estimated to be known within 2 percent. 
The range energy curves may be closely approximated by an 
empirical relationship, R=kE*, E< Ey), n=}, R=C(E+E£))!, 
E>Eo, where k, C, n, Eo, and E£, are interrelated constants 
dependent upon the stopping medium. 


E6. An Activity Ratio Method for Measuring the Energy 
Stability of Betatrons. Mi_ton Birnpaum, Eric M. Hartn, 
Leo SEREN, AND RALPH Toptn. Naval Research Laboratory.— 
For nuclear threshold measurements, betatrons employ a 
magnetic flux integrator to trigger the expansion circuit at a 
time in the magnetic cycle which corresponds to the desired 
peak energy of bremsstrahlung. In practice, betatrons using 
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these magnetic flux integrators exhibit a day to day variation 
in energy stability of 100 to 200 kilovolts. We have used a 
method for measuring the stability of the betatron which de- 
pends only on nuclear activations, and is therefore independ- 
ent of the gamma-ray monitor. At a peak bremsstrahlung 
energy of 11.4 Mev, the radioactivity induced in copper by 
the reaction Cu®(y, 2)Cu® is changing at the rate of 0.8 
percent per kilovolt change in peak energy, while the radio- 
activity induced in silver from the reaction Ag!(y, n)Ag!® is 
changing at the rate of only +0.11 percent per kilovolt. The 
ratio of the copper activity to the silver activity thus changes 
by +0.69 percent per kilovolt. We have irradiated copper and 
silver discs simultaneously and observed the ratio of the 
induced activities. Using this ratio method, we find the day to 
day stability of our betatron to be 40 kilovolts at 11 Mev, 
and the accuracy of the activity ratio method is better than 
20 kilovolts. 


E7. Measurement of Ionizing Radiation by Frequency 
Variation. Hans Konn Ricnarps. Oak Ridge National 
Laboratory.—A method has been developed to measure ioniz- 
ing radiation by the frequency variation of a rf oscillator 
operating at a nominal frequency of 2.3 megacycles. An 
electrometer of variable capacitance is a component of the 
frequency determining network, the capacitance variation 
being produced by the movement of a metal vane suspended 
by means of a quartz fiber between two electrode pairs. The 
position of the vane between the electrode pairs is determined 
by an electric charge applied to the vane. Electrostatically, 
the system represents two capacitances in parallel of the order 
of 4 to 5 wuf, while the rf capacitance consists of two capaci- 
tances in series. Ionizing radiation produces a leakage of the 
charge from the vane and, therefore, variations in capacitance 
and frequency. The frequency is measured using a standard 
quartz crystal oscillator. One mr/hr produces a frequency 
variation of approximately 20 cycles/minute. Dose rates of 
gammas, betas, and neutrons have been measured. By con- 
necting the vane through several megohms to ditferent capaci- 
tances, the system can measure dose rate of widely different 
magnitudes. This system makes possible the monitoring of 
numerous locations from a single remote station 


E8. Evapor-ion Pump.* R. G. Hers, Ronert H. Davis, 
Ajay S. Divatia, AND D. Saxon, University of Wisconsin.—A 
new type of high vacuum pump to replace diffusion pumps and 
traps has been developed for use on the accelerating tube of a 
new electrostatic generator now under construction. After 
initial roughing by a fore pump the system is sealed. Titanium 
in wire form is evaporated continuously inside a cylindrical 
metal chamber 7 in. i.d., 24 in. high. The gettering by titanium 
on the wall of the chamber results in pumping action. In order 
to pump components that do not respond to gettering action, 
it is necessary to ionize the gas inside the chamber by electron 
bombardment and drive the gas ions so formed into the wall 
by an electric field, where they are buried in fresh layers of 
evaporated metal. Cylindrical geometry is used for ionization. 
Qualitative tests indicate that He, No, Ov, COx, SFs, CCLF:, 
C.H,, NH;, CH, are readily pumped by the gettering action 
alone; in order to pump the inert gases argon and helium 
ionization is necessary. On a sealed-off system which had not 
been baked and which utilized O ring gaskets, a pressure of 
5X 10-7 mm Hg was maintained. Pumping speeds for various 
gases are being investigated as a function of the temperatures 
of the gettering surfaces 

* Work supported by the Wisconsin Alumni Research Fe 
the Ak¢ 





SESSIONS G 


AND H 


FRIDAY AFTERNOON AT 2:00 


Brown Hall 


(H. D. Smytu presiding) 


Commemoration of the First Functioning of a Nuclear Reactor 
on December 2, 1942 


Gl. A. H. Compton, Washington University 
G2. Enrico Fermi, University of Chicago 
G3. I. P. WIGNER, Princeton University. 


G4. W.H. Zinn, Argonne National Laboratory. 


FRIDAY AFTERNOON 


AT 2:30 


Loudermann Hall 


(J. B. JouNson presiding) 


General Physics 


H1. Charge States of a Helium Beam in Hydrogen, Helium, 
Air, and Argon. Evias SnitzeR, Department of Physics and 
Institute for Nuclear Studies, University of Chicago (introduced 
by Samuel K. Allison).—-Measurements have been made of 
the fractions of a helium beam in the He®, Het, and Hett 
charge states in the energy range of 100 kev to 480 kev for 
beams which have attained charge equilibrium in hydrogen, 
helium, air, and argon. For the four gases, the He® and Het 
components are equal for helium energies of 148 kev, 145 kev, 
98 kev, and 115 kev, respectively. The ratios of the electron 
loss to electron capture cross sections between He*+ and Het* 
fitted a simple power dependence of o1/o¢aV™, where V is the 
velocity of the helium in the beam and m equals 6.1, 5.1, 5.2, 
and 6.3, respectively, for the four gases studied. For electron 
capture and electron loss between He® and Het the exponent 
m varies from 2.6, 2.0, 2.8, and 3.4 at 100 kev to 4.0, 4.0, 4.3, 
and 5.1 at 450 kev. 


H2. The Separation of Incident and Emitted Radiations in 
a Solar Furnace by Means of Rotating Sectors. WiLL M. 
Conn* AND GENE BrauGut,t Rockhurst College-—A parabo- 
loidal mirror is used for concentrating radiation from the 
sun in a sample placed near the focal area. The sample is 
heated to a temperature at which an equilibrium is established 
between the amount of radiant energy incident on the sample 
and the losses from it. The temperature is controlled by vary- 
ing the effective aperture of the mirror by means of a cylin- 
drical shutter traveling along the optical axis of the mirror. 
The temperature of the sample is measured with an optical 
pyrometer or a radiation pyrometer equipped with color 
filters. It was found necessary to shut off the incident radiation 
from the sample during the measurement of temperature in 
order to obtain correct data (checked with standard materials). 
This is accomplished by rotating sectors traveling at 2500 
revolutions per minute. One sector of special shape is located 
near the sample and another sector near the telescopic system 
The calibration and use of the sectors in connection with 
mirrors of maximum apertures 60 in. and 120 in. and focal 
lengths 25} in. and 34 in. is presented. 

*Now with the Research Department, Gustin-Bacon Manufacturing 


Company, Kansas City, Missouri 


t Now with St. Louis University, St. Louis, Missouri 


H3. Contribution of Doppler Effect to Radiation Exchange 
in the Stratosphere. Girnert N. PLass and Danie I 


Five, The Johns Hopkins University.—The principal contri- 
bution to the total line width in the upper stratosphere comes 
from the Doppler effect. In order to investigate radiative 
transfer throughout our atmosphere, it is necessary to know 
the line absorption coefficient k(v), when both the Lorentz and 
Doppler widths (Av; and Avp) contribute to the total width. 
The general term of the expansion of k(v) in powers of Avz/Avp, 
as well as the asymptotic expansion in inverse powers of the 
frequency, has been obtained. From these results the atmos- 
pheric transmission functions have been derived for a plane- 
tary atmosphere when both Av; and Avp contribute to the 
line width and when the variation of Av, with pressure is con- 
sidered. For the earth's atmosphere it is found that the trans- 
mission function calculated from the Lorentz shape alone for 
either strong or weak lines is not changed appreciably by the 
Doppler effect even at heights where Avp is considerably 
larger than Av,. This is because almost all the radiation trans- 
fer takes place in the far wings of a strong line where the 
Lorentz broadening determines the line shape. For a weak 
line only the total line strength is of importance. Applications 
to laboratory absorption measurements will be discussed. 


H4. On the Theory of Interstellar Grains. BERTRAM DONN, 
Wayne University.—Interstellar space is known to contain a 
mixture of atoms (mainly hydrogen) and small solid grains, 
the whole having an over-all density of approximately 107% 
g/cm’.! Among the major problems of interstellar matter are 
those concerned with the origin, evolution, and structure of the 
grain. This paper discusses one aspect of the general problem, 
namely, the interaction between the gas and the grains under 
present conditions. This limited analysis nevertheless requires 
consideration of a variety of problems associated with surface 
phenomena, for which no completely satisfactory treatment is 
available. Among the problems which will be discussed are 
condensation; evaporation and adsorption for contaminated 
surfaces; surface mobility; chemical reactions; and heteroge- 
neous catalysis. The application of the limited available results 
to the case of interstellar matter suggests that the grain will 
be stable throughout most of space but incapable of further 
growth. In order to extend the theory and improve the tenta- 
tive conclusions, further work must be carried out on the basic 
physical and chemical processes which comprise the gas-grain 
interaction in space. 


See chapter on ‘Interstellar matter" in Astrophysics, edited by Hynek 
(McGraw-Hill Book Company, Inc., New York, 1951). 
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HS. The Analysis of a Bridged-T Network by Use of Laplace 
Transformations. CORRE WILLIAMS, Consolidated- Vultee Air- 
craft Corporation, AND HERBERT D. SCHWETMAN, Depart- 
ment of Physics, Baylor University —The analysis of a simple 
bridged-T network through the use of Laplace transformations 
is demonstrated. The resonance frequency, the phase angle, 
and the output voltage are determined for several values of 
terminating resistance and network components. 


H6. The Entropy of Fusion of Monatomic Liquids. N. K. 
Pore, Chalk River Laboratories.—A relation has been obtained 
between the entropy of fusion of monatomic liquids and the 
number of a particular set of neighbors in the liquid. In 
general, the set of neighbors involved is the nearest set that 
shows evidence of increase of radial separation on melting. 
Usually this is not the first, but the second, or even the third 
set of neighbors. The relationship has been deduced by using 
a model in which it is assumed that at sufficiently high tem- 
peratures one of the neighbors of a given atom in a solid may 
move outwards to a new equilibrium position. An order-dis- 
order theory of the melting process has been formulated, which 
identifies the liquid with a state in which every atom has, on 
the average, one of its neighbors moved out to the new equi- 
librium position. X-ray and neutron diffraction patterns of 
liquids give the number and mean positions of the first, second, 
and third neighbors. In many cases where this information is 
available, the number of neighbors measured in the liquid 
state, in the set which is displaced outward on melting, agrees 
with the number calculated from the measured values of the 
entropy of fusion. 


H7. Respiration of Plant Tissue Cultures as a Function of 
X-Ray Dose. Mark W. Jones, University of Florida. 
Tissue cultures of corn root tips, grown in White's culture 
medium augmented by 1075 mg IAA per liter nutrient, were 
subjected to x-ray doses of 100, 200, 400, 800, and 1400 
roentgens. The mean oxygen uptake of the tissues, measured 
by standard Warburg techniques, decreased with increasing 
dose. It ranged from 8.7 to 3.8 w/O:/mg/hr for doses from 0 
to 1400 roentgens. Analyses of variance and covariance of the 
respiration versus dose of unirradiated tissues and irradiated 
tissues show the observations to be highly significant. Con- 
comitant observations of dry weights indicate that their use 
for the arbitrary correction of respiration rates of different 
weight cultures is not completely justified for the analysis of 
covariance between different series of observations. 


H8. Research on Comfort, Relaxation, and Quality of Sleep. 
T. SmitH TAYLOR AND L. W. Max,* U.S. Testing Company. 
This research was undertaken to determine some methods of 
measuring the relative comfort experienced by subjects 
sleeping on different mattresses. The research was directed 
towards measuring physical properties of the individual during 
sleep that would give the relative degrees of relaxation and 
hence the relative comfort experienced. The physical proper- 
ties measured were heartbeat, muscle tensions, brainwaves, 
skin temperature, electrical skin resistance, and number of 
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movements. Both men and women have been used as sleeping 
subjects. By comparing statistically the various values of the 
various properties measured on one mattress with those while 
sleeping on another, these were found to be significantly 
different. The results showed definitely that for a large num- 
ber of subjects the subjects experienced greater relaxation and 
hence more comfort on one mattress than they did on others. 
This paper gives the progress of the research during the last 
three years. A later paper will give more complete details of 
the methods and the ultimate findings. 


* Head of Department of Physiology, Dental College. New York Uni- 
versity, Special Consultant 


H9. Design and Construction of a Universal Test Mattress. 
Norman L. Taytor anp T. Smita Taytor, U. S. Testing 
Company.—-A Universal Test Mattress has been constructed 
in which the individual components are rubber bellows in- 
stead of springs. Each bellows reacts independently of the 
others. If a given bellows is compressed, a definite increase in 
pressure is produced which is measured by a gauge which is 
proportional to the change in volume. By use of the test 
mattress, the average distribution of weight in each 34-in. 
section of the body has been determined for several individuals. 
This is the first time that body weight distribution has been 
determined on live subjects. Since the reaction of each section 
of the mattress from head to foot can be varied, it is possible to 
obtained the optimum conditions of pressure variation in the 
several bellows necessary to give maximum relaxation to the 
sleeping subject. The mattress is being used in connection with 
others in an extensive research on mattress comfort. 


H10. Angular Points in Densities of Water vs Temperature. 
GEORGE ANTONOFF AND RAYMOND MAbRAzO, JR.—The best 
methods of demonstrating kinks are the following: (I) As 
was shown elsewhere,' kinks are well seen if d!(d=d,—d,) is 
plotted against 7. For kinks in water see Antonoff et al.? (II) 
At low 7 the method (I) becomes less sensitive. Thus we plot 
X us T with a strongly diminished parameter Y, and the 
kinks appear as the intersection of nearly straight lines. For 
water the values for Y are Y¥ =4, 8, 16, 32, 64, 128, 256, 512, 
1024, 2048, 12,288, 24,576, 75,728, and 147,402 at 4.9°C. (IIT) 
The same kinks are easily visible in d; and d, vs 7 curves at 
high 7. The temperatures are counted downwards from an 
arbitrary zero near the critical point. The equations d,;=A, 
+B,7—C1? and d,=A2—B,17+CT*, which are valid be- 
tween two adjacent kinks with given constants, show very 
good agreement with experimental data. These equations are 
based on points between two kinks as indicated by method (I) 
Calculations beyond the two adjacent kinks show a marked 
departure from continuity. Above X =64 the method is not 
sensitive. Mademoiselle Olivier (Thése, Strasbourg, 1952) 
used similar equations starting from low T and failed to reveal 
kinks. The use of statistical methods is not practicable, be- 
cause the experimental errors cannot be seen on the graph. 


rend. 3/XII (1951). 


1 Compt 
Zakimac, Urmanezy, and Madrazo, Phys 


2 Antonoff 
1982 


Rev. 86. SKO(A) 


2:30 


Rebstock Hall 


(V. A. JOHNSON presiding) 


Solid-State Physics. I 


K1. Shot Noise in Germanium Filaments. R. H. Mattson 
AND A. VAN DER ZIEL, University of Minnesota.—Herzog and 
van der Ziel’s measurements! of the noise ratio n( = total noise 


power over thermal noise power) of a 10,000-ohm germanium 
filament have been extended to higher frequencies, and the 
accuracy of the measurements has been improved considerably. 
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We find that the formula, n=1+AJ?#/f{+Bl2/[1+(f/fo)?], 
with fo=150 ke, AJ?=9.3 105, BJ?=54, can account for all 
measurements at a de current of 3 ma. As both electrons and 
holes are present and as each carrier should show shot effect, 
it must be concluded that both types of carriers have about the 
same life time. An application of the theory of shot noise in 
semiconductors shows that most of the noise comes from the 
electrons and that the electrons most likely originate from 
trapping centers located at a depth of about 0.22 ev below the 
bottom of the conduction band. Similar trapping centers have 
also been found in other investigations.? 


ler Ziel, Phys. Rev. 
1952) 


1G. B. Herzog and A an 84, 1249 (1951 


R.N. Hall, Phys. Re 87, 387 


K2. Shot Noise in Semiconductors. A. VAN DER ZIEL, 
University of Minnesota.—The theory of shot noise in semi 
conductors has been developed for the case that both electrons 
and holes are present in the semiconductor. If the number N, 
of free electrons and the number NV, of free holes in the sample 
are fluctuating independently, such that (N,—N,)?=aN, and 
(N,—N)?=BNa, then the noise ratio n, resulting from shot 
effect (=shot noise power over thermal noise power) is found 
to be 
apeteGe/(Oet+ on) . Buntnon/(oe+ on) 


1+ w?r,? 1+ w?r,? 


n,=(e/kT)(Vo?/d?) : 
where d is the length of the sample, Vo the dc voltage across it, 
we and ps the electron and hole mobility, o, and a, the electron 
and hole conductivity, and 7, and 7, the electron and hole 
life time, respectively. This formula will be applied to several 


cases. 


K3. The Flicker Noise Caused by an Interface Layer. 
W. W. LinpeEMANN AND H. J. HANNAM.—When some tube 


types are aged while only a small current is drawn, a high 


resistance interface layer develops,'! the resistance of which 
increases further with life. If the interface resistance becomes 
as high as a few hundred ohms, the noise resistance of the tube 
at low frequencies may have increased by as much as a factor 
1000. The noise resistance is proportional to the square of the 
anode current, which suggests that the phenomenon may be 
explained by a spontaneous fluctuation in the resistance of 
the interface layer. Curves showing the increase in noise 
resistance as a function of time and the dependence of the 
noise resistance upon cathode temperature will be presented 

1A. Eisenstein, Advances in Electronics (1948), Vol. I, pp. 1-64 

K4. The Influence of Neutron Bombardment on the Low 
Temperature Atomic Heat of Silicon.* P. H. KrEsom, K. 
Lark-Horovitz, AND N. PEARLMAN, Purdue University. 
The heat capacity of B.T.L. silicon below 5°K has been meas- 
ured before and after fast neutron irradiation in the Oak 
Ridge reactor. Before bombardment the atomic heat included 
the lattice contribution and a term linear in temperature due 
to a degenerate carrier gas. The coefficient y of the linear term 
observed for Si V corresponds to the impurity concentration 
(0.01 percent B by weight) if the effective hole mass is 0.8 
the free electron mass. Hall measurements by H. Fritzsche 
between 4-300°K confirm this concentration. After bombard- 
ment the linear term disappeared in Si II and decreased by 
75 percent in Si V, owing to carrier trapping by lattice defects 
produced by neutron irradiation.’ Annealing ingot Sill at 


Taste | 


Sill 
Annealed 
Bom up to Bom 
Original barded 450°C at 780°C Original barded 
6 (°K) 658 
y (joules/ =21.0K10* 
mole deg*) 


637 632 642 658 636 
1.55X10 1.7410 13.7K10 34.610 9.26K10-* 
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780°K partly restored the original low temperature atomic 
heat. The Debye @ decreased after bombardment for both 
ingots, indicating a decrease in elastic constants? larger than 
expected from thecry. See the data compiled in Table I. 
* Supported by Signal Corps and AEC contracts. 
1H. M < 


A. James and K. Lark-Horovitz, Z. physik. Chem 
2G. J. Dienes, Phys. Rev. 87, 666 (195%). 


198, 107 (1951). 


K5. Some Electrical Characteristics of Crystalline Boron. 
Ws. C. Suaw, D. E. Hupson, ano G. C. DANIELSON, Jowa 
State College-—Micromanipulative techniques for mounting 
very small crystals with several spring loaded probes have been 
developed. The method makes use of a modified Chambers 
micromanipulator, a binocular microscope, and special tools. 
Crystals 0.01 cm long have been mounted with five spring 
loaded tungsten probes, allowing electrical conductivity and 
Hall coefficient measurements to be made over a wide range of 
temperature. The method has been applied especially to micro- 
scopic single crystals of boron. The electrical resistivity varied 
from about 10° ohm/cm at 25°C to less than 1 ohm/cm at 
550°C. Preliminary measurements indicate a very small 
Hall coefficient. 


K6. Adsorption of Oxygen on Zinc Oxide.* S. R. Morrt- 
son,t University of Pennsylvania.—It has been shown that oxy- 
gen is adsorbed on zine oxide. The total adsorption has not 
been measured; but it has been shown that when the zinc 
oxide is heated above 500°C, oxygen previously adsorbed on 
the sample is desorbed, leaving adsorption sites. The number 
of these adsorption sites prepared increases rapidly with 
increasing cleaning temperature. With a constant number of 
adsorption sites, it has been shown that the amount of oxygen 
adsorbed is maximum at about 425°C. It has been shown that 
the number of adsorption sites, if left unoccupied, decreases 
with time. Postulating that the interstitial zinc in the lattice 
are the adsorption sites, this effect has been interpreted as 
being due to the diffusion of the zinc atoms away from the 
surface. On the basis of this model, the activation energy for 
the diffusion of interstitial zinc has been calculated to be 1.2 ev 


* Supported by the ONR : 
t Now at the University of Illinois 


K7. The Structure of the Surface of Glass and of Bi Films 
Deposited on Glass. J. J. ANTAL anp A. H. WEBER, St. 
Louis University.—The surface structure of glass has been 
studied by electron diffraction after deposition of a very thin 
layer of Bi on the glass to reduce charging. If less than 10A 
thick, the Bi contributes negligibly to the diffracted intensity 
or may be eliminated because of its preferred orientation. 
Radial distribution curves were computed from data obtained 
from the diffraction patterns by a combination of densitometry 
and visual examination. The annealed surface of commercially 
prepared soda-lime-silica glass (72 percent SiOz, 14 percent 
Na.O, 11 percent CaO) was examined. The radial distribution 
curves indicate that the structure of the glass surface is essen- 
tially a random network of Si and O atoms as found for the 
volume structure of vitreous silica by Warren.'! Distances to 
alkali atoms were absent from the radial distribution curves, 
which indicated an absence of alkali atoms for a depth in the 
glass equal to the depth of penetration (always less than 10A) 
of the electrons—although migration of alkali atoms to the 
surface of a glass is well known. Electron diffraction and elec- 
tron microscopic examination of the Bi films deposited on glass 
will also be reviewed. 

1B. E. Warren, J. Appl. Phys. 8, 645 (1937 

K8. Rates of Coloration of KCl and KBr During X-Irradia- 
tion at 78°K.* WILLIAM H. DUERIG AND JORDAN J. MARKHAM, 
Applied Physics Laboratory, The Johns Hopkins University.— 
When KCI and KBr crystals are x-rayed at 78°K, several 
color center bands appear, e.g., the F, F’, Vo, Vi, and V2 bands. 





SESSION K 


In order to gain further understanding of the nature of the 
imperfections responsible for these bands, their growth rates 
during x-raying at 78°K were measured. The rates were ob- 
tained under two conditions: (1) when the crystal was in the 
dark, and (2) when it was exposed to F’ light. The results of 
these experiments will be presented and analyzed 

of Ordnance, United 


* This research was supported by the Bureau 


states Navy 


K9. A Theory of Successive Rotational Transitions in 
Crystals. THEODORE J. KRIEGER AND HUBERT M. JAMEs, 
Purdue University—Some crystals show successive phase 
transitions attributed to changes in rotational or orientational 
order, but no detailed calculations have previously been made 
on crystal models showing more than one orientational transi- 
tion. A crystal model consisting of classical rotators with next- 
neighbor interaction energy, £(4;;) = A P;(cos@;) + BP (cos@;), 
has been treated in the Bragg-Williams and Bethe approxima- 
tions. Depending on the magnitude of B/A, it shows a single 
second-order transition, a single first-order transition, two 
first-order transitions, or a second-order followed by a first- 
order transition as 7 rises. When two transitions occur, 
the upper transition temperature depends primarily on the 
value of B, the lower on the values of both A and B. Our 
results, together with the estimates of dipole and van der 
Waals forces in hydrogen halides made by Powles, enable one 
to understand qualitatively the variation of transition tem- 
peratures in the hydrogen and deuterium halides. 


K10. Approximate Treatment of Order-Disorder Transi- 
tions in the Simple Cubic Ising Lattice. L. D. Fospick AND 
H. M. JAMes.—The approximation method previously applied 
to the square and triangular Ising arrays’? has been applied 
to the simple cubic lattice. Attention is fixed on a certain site 
surrounded by six next-neighbors and twelve second-neighbors. 
Three weighting parameters, characterizing long- and short- 
range order, are used in computing the configuration probabili- 
ties. Three consistency relations determine these parameters 
as functions of the temperature and coupling energy. This 
method gives a Curie temperature k7,./V=2.3145 and a 
specific heat ¢, just below the Curie point given by (c/k)|Te 
2.58, in close agreement with Kikuchi's results. Correlations 
(the probability for finding parallel spins minus the probability 
for finding antiparallel spins) between spin pairs up to fifth 
neighbors have been computed. The results emphasize that 
long-range order persists in three-dimensional lattices for 
higher temperatures and lower short-range order than it 
does in two-dimensional lattices. 

'H. M. James and L. D. Fosdick, Phys. Rev. 81, 312 (1951) 


2L. D. Fosdick and H. M. James, Phys. Rev. 85, 714 (1952) 
*R. Kikuchi, Phys. Rev. 81, 988 (1951). 


K11. A Cellular Calculation of the Band Structure for 
Barium Oxide. Eart L. STEELE* AND JAMES A. KRUMHANSL, 
Cornell University —Electronic wave functions and energy 
levels have been calculated for the barium oxide crystal using 
methods similar to those developed by Ewing Seitz! and Von 
der Lage and Bethe? The crystal is divided into cells (spheres) 
surrounding each atom, and a spherically symmetric potential 
including exchange is developed in each cell. Bloch-type one- 
electron wave functions were constructed from linear combina- 
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tions of atomic-like functions, and boundary conditions were 
imposed where the spheres of neighboring atoms intersected. 
Energies for particular points in k space for the valence and 
conduction band were obtained. This calculation gives a 
minimum band gap of 3.4 ev between k(000) in the conduction 
band and the &(110) end point in the valence band; however, 
the minimum gap for optical transitions (constant &) is 7.3 ev 
for the k(000) point. The self-consistent solution shows that 
the crystal is highly ionic. 

* Now at the General Electric Electronics Laboratory, Syracuse, New 


. . Ewing and F. Seitz, Phys. Rev. 50, 760 (1936) 
* C. Von der Lage and H. A. Bethe, Phys. Rev. 71, 612 (1947) 


K12. The Calculation of Energy Bands in Crystals. G. 
PARZEN AND T. WAINWRIGHT, University of Notre Dame.—A 
method has been developed for calculating the energy levels 
of a crystal which will take into account the actual shape of 
the atomic polyhedra. The idea behind our approach is to 
find a variational principle for the energy levels of the crystal 
which involve only the Wannier functions instead of the usual 
Bloch wave functions. The hope is that such a variational 
principle will avoid the difficulties of having to fit the awkward 
boundary conditions on the surface of the atomic polyhdron 
and that at the same time the integrals arising will extend 
over a few cells of the crystal rather than over the entire 
crystal. The variational principle does not give E(K) directly, 
but if A(K) for a particular band is expanded in a Fourier 
series in K, then our variational principle allows us to calcu- 
late the Fourier coefficients of E(K) in this expansion. The 
method has been applied to a one-dimensional problem, and 
the results seem promising. We are now applying the method 
to lithium and sodium. 


K13. Solids Subjected to a Constant Rate of Generation 
of Lattice Defects. JEROME ROTHSTEIN, Signal Corps Engi- 
neering Laboratories.-If a solid is subjected to a constant 
rate of lattice defect generation (e.g., by photon, electron, or 
nucleon irradiation), defect concentrations are produced which 
may exceed those characteristic of thermal equilibrium. At 
low temperatures, defect destroying mechanisms are largely 
ineffective; at high temperatures they reduce defect concen- 
trations practically to equilibrium values. A simple kinetic 
treatment of Frenkel or Schottky thermal defects plus gen- 
erated defects yields defect density decreasing as temperature 
rises from low values until a minimum defect density is 
reached. Thereafter defect density increases, approaching 
thermal asymptotically. The temperature range below mini- 
mum defect density exhibits anomalous dependence of defect 
concentration on temperature and hence possible anomalies 
in properties dependent on defects or disorder. Such possi- 
bilities include retrograde expansion coefficient, anomalous 
dip in specific heat, anti-Curie point (temperature below which 
disordered phase is stable), anomalous temperature depend- 
ence of diffusion rate, rate of solid-state chemical reactions, 
defect-dependent conductivity and photoconductivity in in- 
trinsic semiconductors, density of traps and donors in phos- 
phors and semiconductors, color centers and photoconduc- 
tivity in alkali halides, internal friction, ultrasonic attenuation, 
etc. Clear-cut “experiments without prohibitive difficulties 
seem feasible. 


FRIDAY EVENING AT 7:00 
Starlight Roof, Chase Hotel 
(ENRICO FERMI presiding) 


Banquet of the American Physical Society 
After-dinner speakers: A. H. Compton, A. L. HuGues, and A. H. WEBER 





SESSIONS P AND Q 


SATURDAY MORNING AT 9:45 
Brown Hall 


(A. L. HUGHEs presiding) 


Symposium of the Division of Electron Physics 


Physical Electronics 


Pl. Photoelectric Emission from Solids. L. ApKER, General Electric Research Laboratory. (40 min.) 

P2. Experiments and Thoughts on Secondary Emission. J. B. JoHNsON, Bell Telephone Laboratories 
(now with Edison Laboratory, Thomas A. Edison, Inc.) (40 min.) 

P3. Researches in Ultra-High Vacuum. I). ALpeRrt, Westinghouse Research Laboratories. (40 min.) 


SATURDAY MORNING AT 10:00 
Loudermann Hall 


(L. M. LANGER presiding) 


Beta-Emitters, Helium through Cadmium 


Q1. Electron-Neutrino Angular Correlation in the Beta- 
Decay of He*.t James S. ALLEN AND W. K. JENTSCHKE, 
University of Illinois.—The energy spectrum of the recoil 
nuclei emitted during the beta-decay of He® has been investi- 
gated by means of a time of flight method. The beta-rays were 
recorded by a scintillation counter having a stilbene crystal, 
and an electron multiplier tube was used to detect the recoil 
nuclei. The detection of a beta-ray by the scintillation counter 
initiated the sweep of an oscilloscope, and the time of flight of 
the accompanying recoil nucleus was indicated by the position 
of a pulse on this sweep. In this experiment the angle between 
the directions of emission of the beta-rays and the recoil 
nuclei was limited to a range of approximately 100 to 180 
degrees. The shape of the time of flight spectrum suggests a 
1+ (v/3c) cos@ electron-neutrino angular correlation corre- 
sponding to the tensor type of interaction. The experiment is 
being continued in order to increase the statistical accuracy 
of the data. 

t Assisted by the joint program of the ONR and AEC, 


Q2. Spectrometer Measurement on the High Energy 
Positrons of Sodium 22.* Byron T. WriGcut, University 
of California at Los Angeles.—Using a small solenoidal spec- 
trometer,! a measurement of the ratio RX of the transformation 
constant of the lower energy spectrum to that of the higher 
energy spectrum of positrons from Na* was made. By careful 
attention to the shielding and baffles and by using an end- 
window Geiger counter seven millimeters in diameter and 
about 25 millimeters long as the detector, the background 
counting rate with an 0.3 millicurie source of Na® was reduced 
to 0.1 counts per second. Momentum plots of the then ob- 
served spectra agreed with the expected shapes to a point well 
below the maximum on each curve (assuming the higher energy 
spectrum to have an allowed shape; this experiment yields no 
meaningful data on the details of the shape of the higher energy 
spectrum). The ratio R was obtained by averaging the ratios 
of the observed counting rates for four corresponding points 
near the maxima of the two spectra. The result is R= 1800 
+400. The transformation constant for the decay of Na® to 
the ground state of Ne® is 4.7+1.0X10~" sec™!, based on a 
half-life of Na® of 2.60 years.? 

* Supported in part by the joint program of the ONR and AEC. 


1 Byron T. Wright, Am. J. Phys. 20, 230 (1952). 
21,. J. Laslett, Phys. Rev. 76, 858 (1949), 


Q3. The High Energy Negatron Spectrum of Sc**. J. A 
WHALEN, F. T. Porter, AND C. S. Cook, Washington Uni- 
versity.*—Investigation of the high energy negatron spectrum 
of Sc*® has been continued! since sources of higher specific 
activity have been made available from Oak Ridge. In addi- 
tion to the internal conversion electrons, a weak continuous 
negatron spectrum is still observed in the momentum range 
above 350 kev. It is still not possible to eliminate completely 
the existence of any Compton electrons produced in the source. 
However, electrons whose intensity relative to the lower energy 
beta-spectrum and to the internal conversion lines is constant, 
independent of source thickness, have been found in the region 
beyond the highest Compton electron momentum. The energy 
of this beta-group cannot be greater than 1.2 Mev. The current 
measurements indicate that less than 0.1 percent of the beta- 
transitions go through the higher energy group. The total 
internal conversion coefficients (K+L+™M) are, from these 
measurements, 1.910~* for the 0.88-Mev gamma and 8.8 
10-5 for the 1.11-Mev gamma. 


* Assisted by the joint program of the ONR and AEC. 
1F, T. Porter and C. S. Cook, Phys. Rev. 81, 640 (1951) 


Q4. The Beta-Spectrum of S**.* J. P. Mize anv D. J. 
ZAFFARANO, Jowa State College.—The beta-spectrum of S*5! 
has been investigated with a proportional counter spectrom- 
eter whose geometric efficiency is ~100 percent. Our data 
yield a straight Fermi plot from the end point of the spectrum 
down to 10 kilovolts. The sources consisted of 0.005 micro- 
curie of carrier-free S** mounted on zapon films of 4+2 
ug/cm? surface density. The source films are supported within 
the counter volume parallel to and one inch away from the 
center wire. The cylindrical proportional counter is 24 inches 
long with an inner diameter of 8.5 inches and is filled with an 
argon-methane admixture to an absolute pressure of 40 
Ib/in.. Data were obtained with a one-channel differential 
discriminator. The associated electronic equipment was tested 
for linearity with a mercury relay type of pulse generator. 
X-rays were fired into the spectrometer through a beryllium 
window for energy calibration. Calibration and _ resolution 
of the spectrometer as well as results obtained with other 
sources will be discussed. 

* This work was performed in the Ames Laboratory of the AEC. 

1 Heller, Sturcken, and Weber, Phys. Rev. 83, 848 (1951). (This con- 
tains references to earlier papers.) 
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Q5. Excited Levels of Ti**. Pau L. ROGGENKAMP, CHARLES 
H. PRUETT, AND ROGER G. WILKINSON, /ndiana University.*— 
The disintegration scheme of the decay of 16-day V8 to Ti*® 
has been studied by scintillation counter methods, and spins 
and parities have been assigned to the levels. The angular 
correlation of the well-known cascade gamma-ray pair with 
energies of 0.99 and 1.32 Mev has been measured. The results 
support the assignment 0-2-4 for the corresponding levels. 
Interference from the correlation of the annihilation radiation 
at 180° is eliminated by the use of differential discriminators in 
each channel. A gamma-ray at 2.20 Mev appears in the 
scintillation spectrum and is found to be in coincidence with 
the annihilation radiation, but not with the cascade pair. 
Further evidence that this gamma-ray is not the crossover of 
the cascade pair has been obtained from magnetic beta-ray 
spectrometer studies of the positron spectrum. These measure- 
ments suggest positron emission to a level in Ti‘® 2.20 Mev 
above the ground state. The positron-group involved in the 
decay to the 2.31-Mev level of Ti* is found to have an end- 
point energy of 0.69 Mev. Shell model considerations and the 
angular-correlation measurements result in consistent assign- 
ments of the spins and parities for the ground states of Sc 
and V‘8 as well as for the 2.20-Mev level of Ti". 


* Supported by the joint program of the ONR and Ak 


Q6. Atomic Excitation and Ionization Accompanying Orbital 
Electron Capture by Nuclei. H. PRIMAKOFF AND F. T. PORTER, 
Washington University.*—The process of atomic excitation 
and ionization accompanying orbital electron capture by 
nuclei is treated on the basis of the general theory of B-decay 
using a configuration space representation for both nucleons 
and leptons. Quantitative expressions are obtained (a) for the 
total number of double holes produced in the A shell due to 
K capture accompanied by excitation or ejection of the other 
K electron, and (b) for the total probability of electron ejec- 
tion in orbital electron capture together with the ejected elec- 
tron momentum spectrum. A discussion is given of the possi- 
bilities of experimental verification of the theory developed 


* Assisted by the joint program of the ONR and AF 


Q7. An Upper Limit for Atomic Orbital Electron Ejection 
Accompanying K Capture in Fe. F. T. Porter AnD H. P. 
Hotz, Washington University.*—An upper limit has been de- 
termined for the number of atomic orbital electrons ejected 
during the decay of Fe by orbital capture. From cloud- 
chamber observations it is concluded that less than 0.6 X 10° 
electron are ejected per disintegration with energies in the 
range 30 kev to 205 kev. The theoretical prediction gives the 
order of 10~¢ electron per disintegration for the frequency of 
the process in the energy range studied. 


* Assisted by the joint program of the ONR and Ak 


Q8. Nuclear Spectra of Rb*® and Rb**. CuarLtes M 
HupDLESTON AND ALLAN C. G. Mitcueti, Indiana Uni- 
versity.*—The nuclear spectra of Rb® (6.3 hr) and Rb*™ 
(34 day) have been measured with a magnetic lens spectrom- 
eter. Rb® emits two positron groups of energies 0.775 and 
0.175 Mev. It also decays by orbital electron capture. A large 
number of gamma-rays accompanies the disintegration. Rea- 
sonable agreement with the gamma-rays emitted by Br® has 
been obtained. Rb* emits three groups of positrons having 
end-point energies of 1.629, 0.822, and 0.373 Mev. One gamma- 
ray whose energy is 0.890 Mev has been found. Level diagrams 
for these disintegrations will be discussed. 


* Supported by the joint program of the ONR and AEC 


Q9. The Isomer Rb**". R. S. CarRp AND ALLAN C. G, 
MITCHELL, Indiana University.*—With the help of scintilla- 
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tion counters information on the isomer Rb*™™ has been ob- 
tained. The isomer was produced by an (m, 2m) bombardment 
of ordinary Rb salts. The half-life has been determined as 21 
min. Three gamma-rays have been observed at 0.239, 0.463, 
and 0.890 Mev. The last gamma-ray occurs in the product 
Kr*®, Coincidence measurements show coincidences between 
the gamma-ray at 0.239 Mev and another of nearly the same 
energy, while coincidences between the 0.463 and the gamma- 
rays at 0.239 Mev are essentially negligible. A possible level 
scheme will be discussed. 


* Supported by the joint program of the ONR and AEC, 


Q10. The Disintegration of Sr*' and Y*'".* D. P. Ames, ft 
M. E. Bunker, L. M. LANGER,{ AND B. M. Sorenson, Los 
Alamos Scientific Laboratory.—The radiations from the fission 
product Sr® (9.67 hr) have been studied using a magnetic 
lens spectrometer, a high resolution 180-degree focusing spec- 
trometer, and a coincidence arrangement employing scintilla- 
tion detectors. Five beta-ray groups are observed with end- 
point energies and relative intensities of 2.665 Mev, 26.1 per- 
cent; 2.03 Mev, 4.4 percent; 1.355 Mev, 29.3 percent; 1.093 
Mev, 33.1 percent; and 0.62 Mev, 7.1 percent. The 2.665-Mev 
group has a forbidden shape indicating a spin change of two 
units and a parity change. Gamma-rays are found with ener- 
gies of 1.413, 1.025, 0.747, 0.63, and 0.5512 Mev. The 0.5512- 
Mev gamma-ray has a K/L+M internal conversion ratio of 
6.00, which identifies it as an A/4 isomeric transition. The 
isomeric state in Y* has a half-life of 50.3 minutes and decays 
only by gamma-emission to the ground state. A disintegration 
scheme will be presented. 

* Work performed under the auspices of the AEC 


+ Now at the University of Kentucky, Lexington, Kentucky. 
¢ Indiana University, Bloomington, Indiana 


Q11. Effect of the Chemical Binding and the Phase on 
Angular Correlations.* RotrF M. STEFFEN, Purdue Univer- 
sity.—The influence of the chemical state and the phase of 
In compounds on the angular correlation of the Cd"! gamma- 
rays was investigated. It was found that the phase rather than 
the chemical structure of a particular In compound is respon- 
sible for the differences in the recovery time of the Cd atom, 
with the exception of the In metal, where the angular correla- 
tion depends on the size of the crystallites. Solid In compounds, 
i.e., dry InCls, InIs, In(NOg)s, InzOs, In(OH)s, In2(SO,)s, 
In-8-hydroxyquinolinate, and also quenched In metal, show 
practically isotropic angular correlation. All liquid samples 
investigated, i.e., dilute aqueous solutions of InCls, Inls, 
In2(SOgs, In(NOs3)s, In-8-hydroxyquinolinate dissolved in 
ChCl,, liquid InI; and InCls, and liquid In metal, exhibited 
the presumably maximum anisotropy A = —0.19+-0.02. Elec- 
trodeposited In metal showed an anisotropy of —0.04 to —0.11 
depending upon the size of the In crystallites. An attempt to 
influence the angular correlation of the Pt'* gamma-rays by 
using Au’ sources in different chemical states and environ- 
ments (Au! in Au, Au'® in Pt, dry AuCls, dilute aqueous 
solution of AuCls) failed. All Au' sources showed the same 
angular correlation: W(3)=1—1.20 cos?d?+1.12 cos‘d; 
(ay = —1.20+0.05, a2= +1.12+0.05, (a,+ a2) = —0.08+0.03). 
This correlation is characteristic for a 2—Q+D—2-—Q-0 
transition, with a 2.7 percent to 5.3 percent dipole admixture 
in the first transition. 


* Supported by the AEC. 


Q12. Isomerism for Cd'"”, In'”, and In''*.* Caries D. 
CoryELL, Prerre Lévfique,t AND Haroitp G. Ricuter,t 
M.I.T.—Radiochemical studies on cadmium isotopes formed 
in fission and their indium daughters, and the products of 
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Cd(n, y) and Cd(d, p) reactions, show the known! 43d Cd™5™, 
and 2.3d Cd''5—+4.5h In"*™, and new evidence on the following 
species: 3.0h Cd", decaying largely by I.T.; ~50m Cd", 
B~ and 7; 70m In"™™ B-, weak 7; ~2.5h In"? B-, very weak 
xy; ~30m Cd"* 8B; and <1m In"8, 4 Mev 8. The <1m In"™8 
is isomeric with the known? 4.5m In" not formed from Cd"8, 
Nishina* observed ~50m Cd in fission, assigned! to Cd!™, 
Later workers! missed ~30m Cd"* and ~50m Cd" by delay 
In recent spectrometric work‘ on supposed 1.95h 
4.5h In"6™, The ratio of 


in studies 
Tn! 2.5h In"? was masked by 


SATURDAY MORNING AT 


SESSIONS Q, 


R, AND §S 


3.0h Cd"™™ to ~50m Cd"? formed in the (d, p) reaction is near 
to secular equilibrium 


* This work was supported in part by the AE(¢ 

+ Research Fellow from the Commissariat a l'Energie Atomique (Paris) 
under M.I.T. Foreign Students Summer Project. 

t Department of Chemistry, University of Oregon, Eugene, Oregon. 

C. D. Coryell and N. Sugarman, Radiochemical Studies: The Fission 
Products (McGraw-Hill Book Company. Ine., New York, 1951), Ap 
pendix C. 

2R. B. Duffield and L. M. Langer, Phys. Rev. 75, 1967 (1949). 
* Nishina, Yasaki, Kimura, and Ikawa, Phys. Rev. 58, 660 (1940). 
4J. D. Knight and G. A. Cowan, Los Alamos Scientific Laboratory, 


private communication 


10:00 


Wilson Hall 


(EUGENE FEENBERG presiding) 


Invited Papers 


RI. Photoproduction and Multiple Scattering of Mesons within Atomic Nuclei. K. M. Watson, 


Indiana University. (30 min.) 


R2. A New Theoretical Approach to the Pion-Nucleon Interaction. G. F. 


Illinois. (30 min.) 


R3. Charge-Independence in Meson Production. R. H. 


(30 min.) 


Cuew, University of 


HILDEBRAND, University of Chicago. 


R4. Neutron Binding-Energies of Heavy Elements and Some Applications. J. R. HutzenGa, 


Argonne National Laboratory. (30 min.) 


SATURDAY MORNING AT 


10:00 


Rebstock Hall 


(R. D. Sarp presiding) 


Neutron Physics; General Nuclear Physics 


S1. Neutron Resonances in Xenon. S. P. Harris, Argonne 
National Laboratory.—Previous measurements using scattering 
and boron absorption techniques indicated the existence of 
resonances in xenon at about 11 ev.! Using the high speed 
neutron velocity selector,2* transmission measurements have 
been made on xenon gas in the 1.5 ev to a few thousand ev 
region. Two prominent resonances were found, at 13.9+0.2 
and 9.3+0.2 ev, with a sample thickness of 0.260 g/cm’. 
Calculation of oof by the method of Havens and Rainwater‘ 
for the 13.9-ev resonance gave ool!®~1000 b (ev)*. The ob- 
served cross section at the minimum of the transmission dip 
was >2000 b for this resonance with a resolution of about 
tu sec/meter. Transmission curves will be shown. 

Phys. Rev. 80, 20 (1950) 
?W. Selove, Rev. Sci. Instr. 23, 350 (1952) 


* Bollinger, Harris, and Schumann, Phys, Rev. 87, 184 (1952) 
4‘W. W. Havens, Jr., and L. J. Rainwater, Phys. Rev. 83, 1123 (1951). 


1S. P. Harris 


S2. Slow Neutron Resonances in Sm and Y.t V. L. Sartor, 
H. L. Foore, Jr., AND H. H. Lanpon, Brookhaven National 
Laboratory.—The total neutron cross section of Sm and Yb! 
from 0.1°to ~40 ev has been measured with the Brookhaven 
crystal spectrometer. Resonances in Sm were observed at 
0.094,°0.87, 3.43, 4.95, 8.20, 15, and 19 ev. The 0.094-ev reso- 
nance was previously reported by Borst? and Sturm,’ and the 
resonance at 8.20 ev corresponds to the one previously ob- 
served by Sturm’ at about 10 ev. The 8.20-ev resonance is ex- 


ceptionally strong and, in fact, closely approaches the limiting 
value oo Xo?, which is consistent with the results of Gold- 
haber.‘ The isotopic assignment of the Sm resonances obtained 
by using enriched isotopes will be discussed. Resonances in 
Yb occur at 0.597, 4.55, 8.09, 13.3, 18.2, and ~30 ev. 


t Research performed under the auspices of the AEC. 

! Exceptionally pure samples of Sm and Yb were generously lent to us 
by Dr. F. H. Spedding of the Ames Laboratory, AE 

2 Borst, Ulrich, Osborne, and Hasbrouck, Phys. Rev. 70, 557 (1946). 

3W. J. Sturm, Phys. Rev. 71, 757 (1947) 

‘Goldhaber, Lowry, and Sunyar, Brookhaven 
Report BNL-C-9, 96 (1949) 


National Laboratory 


S3. Total Cross Sections for Fast Neutrons.* R. L. 
BeckER,t M. WaLt,t ano A. Okazaki, University of Wiscon- 
sin.—The total neutron cross sections of Co, Ga, Se, Cd, Te, 
Pt, Au, Hg, and Th were measured as a function of neutron 
energy, from 0.1 to 3 Mev. Transmission experiments were 
performed using cylindrical samples of the elements. For 
energies above 1 Mev, neutrons were produced by bombarding 
a Zr—H! target with protons. Below 1 Mev, a lithium target 
was used. To determine the correction for neutrons scattered 
into the detector by the sample, the variation of the apparent 
cross section with diameter of the sample was investigated. 
Previous data had shown regularities in total fast neutron cross 
sections,! and the present experiment was performed to sup- 
plement these data. The results give additional evidence that, 
aside from resonance structure, curves of total neutron cross 
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sections versus energy have characteristic shapes which vary 
slowly with atomic weight. 


*Work sup; Wisconsin Alumni Research Foundation 
and the Ak¢ 
National Science Foundation Predoctoral Fellow 


AEC Predoctoral Fellow. 
1. H. Barschall, Phys. Rev. 86, 


orted by the 


T 
t 
I 431 (1952 

S4. Gamma-Rays Produced by the Inelastic Scattering of 
14-Mev Neutrons.* Lewis C. THompson, The Rice Institute 
(introduced by J. G. Risser).—A Nal scintillation spectrom- 
eter has been used to detect the gamma-rays produced by the 
inelastic scattering 14-Mev neutrons. Positive results were 
obtained in the case of iron and lead. In iron, lines were seen 
corresponding to the 0.845- and 1.24-Mev gamma-rays re- 
ported by Elliott and Deutsch! from the excited state of Fe®. 
Above this energy the spectrum appeared to be a continuum 
which extended to about 8 Mev. The lead spectrum seemed to 
be a continuum that extended to 3 Mev. This was interpreted 
to mean that the (, 2my) reaction probably predominated in 
lead, but that the (m, my) reaction was occurring at least part 
of the time in iron. The Nal itself showed a possible capture 
gamma-ray at 5.8 Mev. Its spectrum extended up to 14 Mev. 


under the auspices of the Ak¢ 
Deutsch, Phys. Rev. 63, 321 


* Work performed 


LL. G. Eliott and M 1943 

S5. Measurement of the Energy of Isotropic Fast Neutrons 
with Li® Loaded Emulsions.* J. H. Rosperts, W. O. SoLANo, 
D. E. Woop, AND H. B. BILLInGTon, Northwestern University. 

One-hundred micron E1 and C2 Ilford plates loaded with 
enriched Li® were exposed to neutrons produced in electro 
static generators from Li’(p, »)Be? and from H'(p, 2) Ne’. The 
plates, wrapped in cadmium, were rotated so as to mock-up a 
condition of isotropic neutron incidence. The plates were 
faded and developed so as to obtain good diserimination in 
triton-alpha tracks resulting from Li®(m, a)H*. Neutron ener- 
gies from the Be? ground-state transition were 0.200, 0.600, 
1.00, and 1.500 Mev from the p—tf reaction. Target thicknesses 
were usually 25 kev. The plates were treated with glycerine 
to prevent shrinkage. Measurements of the triton length, 
alpha-length, and triton-alpha angle gave information to 
select tracks “favoring”! the triton to obtain optimum energy 
resolution. Peaks having widths from 100 to 300 kev at half- 
maximum were obtained, depending upon neutron energy and 
selection criteria. Observer agreement with generally good, 
but some bad results were obtained. Methods of putting the 
technique on a more objective basis are being investigated 


*Work su 


yported by an AEC cont 
1G. R. Keepin and J 


H. Roberts, Rev. Sei. Instr. 21, 163 (1950 

S6. The Production of Characteristic X-Rays by Proton 
Bombardment.* B. E. Stmmons,t H. W. Lewis, ANbD E. 
MERZBACHER,{ Duke University —Characteristic x-rays pro- 
duced by 2- to 3-Mev protons on thick targets of Mo, Ag, Ta, 
\u, and Pb have been investigated with a Nal scintillator. 
Ihe x-ray energies are such that the A series could be studied 
for the two lightest elements and both A and ZL series for the 
three heavy ones. Lines in the same series could not be re- 
solved, but AK and L series for a given element gave well- 
separated differential pulse-height peaks. No x-ray continuum 
is produced by proton bombardment and individual charac- 
teristic photons lose their entire energy in the scintillator. 
Thus, the width of the counting rate peak is due partly to the 
presence of several lines in a series and partly to crystal and 
phototube resolution. Variation of the cross section for K 
ionization as a function of target Z and proton energy, to- 
gether with measured absolute cross sections, will be discussed 
in relation to the theory of Henneberg and to the experimental 
results of previous workers using ionization chambers and 
absorbers. Thick target yields were converted to cross sections 
by numerical integration assuming the fourth power depen- 
dence of proton energy derived by Henneberg. The correction 
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for Auger electron emission is less than a factor of two for the 
lightest element. Results are important in the theory of stop 
ping power for heavy particles 

1is work was supported by the AE¢ 


Py 
nw at the University of Minnesota 
ww at the University of North Carolina 


* 71 
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S7. X-Rays from the Mesic Carbon Atom.* H. J]. SCHULTE, 
J. B. Pratt, anp M. Camac, University of Rochester —We 
have observed 100-kev quanta in coincidence with the stop 
ping of negative pions in carbon.’ These quanta are of the cor- 
rect energy to arise from x-ray transitions of the pion to the A 
shell of the mesic carbon atom. To evaluate the yield of such A 
x-rays we have done the following: (a) measured the spatial 
distribution and absolute number of pions stopped in the 
carbon; (b) identified and counted the x-rays by means of a 
Nal scintillation spectrometer; and (c) calculated the over-all 
detection efficiency including average solid angle, x-ray filter 
attenuation and crystal efficiency for the expected energy. 
The x-ray energies have been measured by two independent 
methods: (a) the balanced filter method of Ross with x-ray 
absorbers of Pb and Th; (b) use of an artificial light pulse! 
which had previously been matched to 74-kev Nal response. 
Our present value for the yield of K x-rays from carbon is 
0.12+0.02 x-rays per stopped pion. 


* Supported jointly by the University of Rochester and the Ak¢ 
MeGuire, Platt, and Schulte, Phys. Rev. 88, 134 (1952 


' Camac 

S8. Z Dependence of Mesic X-Ray Yield.* M. Camac, 
J. B. Pratt, and H. J. Scnurire, University of Rochester. 
Using the experimental arrangement described in the pre- 
vious paper, x-rays have been observed in coincidence with 
the stopping of negative pions in Be and H,O. The energies of 
these x-rays are in agreement, within experimental error, 
with the Moseley law predictions for the mesic Be and O 
atoms. In the case of O the yield of these quanta has been 
found to be 0.21 40.07 quanta per stopped pion. It is expected 
that results will also be presented for mesic N and F atoms as 
well. Simple theoretical arguments! indicate that this yield } 
should be given by }=1/(14+CZ?), where Z is the atomic 
number and C is a constant of the order of 0.2. Preliminary 
work has shown that this formula predicts correctly the 
yield for the C mesic atom, but the predicted value of 0.06 
for O is substantially lower than the observed value. The 
implications of this disagreement will be discussed 


of Rochester and the AkK¢ 
NYVO.-3701; Phy Re 
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S9. The Excited Energy Levels of Nuclei as Rational 
Multiples of the Electron Mass. Enos E. Witmer, Unt- 
versity of Pennsylvania.--The writer! has recently presented 
evidence which indicates that the rest mass m of the negative 
electron is the natural unit of mass for nuclei and elementary 
particles. The mass of any nucleus or elementary particle in 
any state may be written .1/m. Then we believe A/ is always a 
rational number. Consequently, the excited energy levels of 
nuclei may also be written as Mm, because the difference of 
two rational numbers is another rational number. Now this 
conclusion can be tested rather precisely in a number of cases 
Out of 122 excited energy levels measured with sufficient 
accuracy for this purpose there were 13 for which M was an 
integer to within +0.02. The probability of this occurring by 
chance is only 8.7 X 10-4. Also in the same set of energy levels 
there were 44 for which q was 1, 2, 3, or 4, where M=p/q, 
both p and q being integers. Again the tolerance was +0.02. 
Ihe probability of this occurring by chance is only 9.2% 104 
In the case of one nucleus there were 3 integral values of M 
in 20 energy levels 
87, 237 (1952) 


Enos k. Witmer, Phys. Rey 
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SESS?ION T 


SATURDAY MORNING AT 10:00 


Crow Hall, 101 


(C. F. SQUIRE presiding) 


Fluid Dynamics; Cryogenics 


Tl. On the Fundamentals of the Boundary Layer Theory. 
M. Z. v. KrzywosLockt, University of Illinois (introduced by 
F. T. Rogers, Jr.).—The author discusses two fundamental 
problems in the boundary layer theory, namely, (a) the proof 
of existence and uniqueness of the solution of the equations 
governing the motion and energy distribution in the boundary 
layer and (b) the fundamental differential system of equations 
governing the distribution of the velocity, density, pressure, 
and temperature in the boundary layer. A brief discussion on 
the subject of fundamentals of the boundary layer in hyper- 
sonic flow closes the paper 


T2. Streaming Potentials Developed across Porous Dia- 
phragms for Sinusoidal Flow.* R. G. Packarp, Baylor 
University (introduced by H. D. Schwetman).—Sinusoidal 
streaming potentials are developed across porous diaphragms 
of sand, plastic shavings, cellulose, and fritted glass for sinu- 
soidal pressures. The frequency range studied was 20 cps to 
350 cps, and the pressure amplitudes ranged from 0 to 20,000 
dynes/cm?*. Distilled water was used throughout the experi- 
ments. A specially designed plastic cell in which the samples 
were retained is described. Frequency response curves and 
amplitude response curves are given. 


* Work done under contract between Defense Reserve Laboratory, the 


S. Navy 


University of Texas, and the t 


T3. Ultrasonic Velocity, Density, and Compressibility of 
Supercooled H,O and D,O. R. ‘T. LAGEMANN anp L. W. 
GILLEY, Vanderbilt University.—Because water can be easily 
supercooled, it has been possible to measure the velocity of 
compressional waves in liquid water (H,0 and D,O) over a 
range of temperatures extending to some six degrees below 
the nominal freezing point, using a fixed-frequency (500 ke), 
variable-path sonic interferometer. It was also possible to 
determine the density of heavy water in the supercooled state 
and obtain values of the adiabatic compressibility. The curves 
representing the variation of density with temperature are 
symmetrical and congruent for the two isotopic liquids. It is 
confirmed that the compressibility of D,O is greater than that 
of ordinary water, compared either at the same temperature 
or in corresponding states based on the freezing points. The 
new measurements on the three properties yield values which 
fall on smooth extrapolations of the previously known data, 
indicating that there is not partial ordering of the liquid struc- 
ture into the solid structure at temperatures below the nominal 
freezing point, at least none at times removed from the start 
of observed freezing. 


T4. Propagation of Explosive Produced Air Shocks. J. 
Savirt, U. S. Naval Ordnance Laboratory.—It has been pre- 
viously reported* that the velocities of ionized air shocks 
produced by the detonation of highly confined solid explosives 
depend upon the distance from the explosive air interface, the 
composition of the explosive, its weight, its geometry, and to 
some extent for a particular explosive upon its loading density 
and particle size. These small scale one-dimensional ionized 
air shock propagation experiments near detonating explosives 
have been extended to include measurements made in heavy 
walled tubes varying in internal diameter from 0.100 to 0.300 
inch. The velocities of one-dimensional air shocks produced 
by detonating highly confined TNT and RDX were measured 
at several distances from the explosive air interface. These 


velocities were found to depend upon the diameter of the 
explosive as well as upon the diameter of the shock tube. It 
was found, in general, that for a fixed shock tube diameter the 
air shock velocity increased with increasing explosive diameter, 
while for a fixed explosive diameter it was observed that the 
air shock velocity increased with decreasing shock tube di- 
ameter. 

* J. Savitt and R. H. Stresau, Phys. Rev. 85, 732(A) (1952). 

TS. Plane Supersonic Flow Patterns in Ionized Media. W. 
R. ATKINSON AND R. G. Fow er, University of Oklahoma.- 
Expansion of spark discharges at low pressure when confined 
to a cylindrical glass tube can result in plane supersonic flow 
accompanied by all the normal behavior of such a flow. Shocks 
and contact surfaces can be observed in their own luminosity, 
and interactions of these fronts with each other furnish con- 
siderable evidence for the supersonic flow interpretation of 
the Rayleigh phenomenon. Most of the variety of interactions 
which can be produced are also excellent exemplifications of 
the theory of plane supersonic flow and will be discussed. 
New interactions have been observed, however, which are not 
recognized by this theory and which may reflect the peculiar 
processes of the highly ionized plasma. 


To. Ion Concentrations in Shock-Type Spark Discharge 
Tubes. R. G. FowLer and H. C. Rose, University of Okla- 
homa.—Measurements of time-averaged ion concentration at 
all points along a shock type discharge tube existing as a 
result of the expansion of gas excited during the discharge of 
capacitor have shown behavior which can only be accounted 
for by assuming either that the Holtsmark theory of Stark 
broadening cannot be applied to this situation, or that excita- 
tion continues actively after the cessation of the discharge 
current. The ion concentration indicated by the Holtsmark 
theory reaches a maximum during the expansion, and the 
total intensity of the discharge is a maximum at the same 
point. The behavior of the post discharge expansion is insensi- 
tive to the direction of the original discharge current, so that 
it is probable that electrical mechanisms are secondary to 
thermal ones in causing the expansion. 


T7. Flow of Helium II through Narrow Slits. RrcHarp T. 
Swim,* The Rice Institute-—Experiments are in progress to 
measure the volume rate of flow of helium II, under pressure 
gradients, through slits of width 3.54 or less. The experimental 
arrangement is similar to that of Bowers and Mendelssohn!; 
however, the apparatus is such that considerably higher pres- 
sure heads can be realized than in previous work of this nature. 
The measured flow rates at pressure heads of less than 4 cm 
of helium are in general agreement with the results of other 
investigators,'? but at higher pressures (extending thus far to 
14 cm of helium) the flow rates are no longer adequately de- 
scribed as proportional to a power of the pressure head. In 
fact, the rate appears to approach a value independent of 
pressure at the highest pressure heads, the maximum linear 
velocity being of the order of 30 cm/sec at a temperature of 
175K. 

* Magnolia Petroleum Company Fellow. 

1R. Bowers and kK. Mendelssolin, Proc. 


(1952). 
2G. K. White, Proc. Phys. Soc. (London) A64, 554 (1951) 


Roy. Soc. (London) A213, 158 
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T8. Frozen Moments in a Superconducting Sphere. Tom 
S. TeaspaLe, The Rice Institute-—A series of experiments is 
being carried out in which the residual magnetic flux of a 
superconductor is measured. The apparatus consists of a 
torsion pendulum with which the torque on a superconducting 
tin sphere is measured as a function of an externally applied 
magnetic field. If an effective magnetic moment for the sphere 
is defined by considering the sphere as a magnetic dipole 
oscillating in a uniform field, then it is found that the moment 
frozen in at constant temperature is a reproducible function of 
the critical field for the temperature at which the moment is 
formed. Preliminary investigations indicate that the moment, 
when measured at the temperature at which it is formed and 
calculated using the model indicated above, shows a pro- 
nounced minimum when plotted as a function of the critical 
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field at which it is formed. (The moment appears to become 
large as the zero field transition temperature is approached 
and as one goes to very low temperatures.) 


T9. Current Noise in Partially Superconducting Resistors 
at Temperatures Down to 2°K. B. KarLan anp J. G. Daunt 
Ohio State University —Measurements have been made of the 
current noise in tantalum and leaded phosphor-bronze in the 
helium temperature region, the noise power being obtained as 
a function of the frequency of observation from 200 to 4000 
cycles/sec. In the intermediate state the tantalum specimen 
showed large current noise. A possible explanation is put 
forward on the basis of temperature fluctuations in the speci- 
men. No current noise was observed in the partially supercon- 
ducting leaded phosphor-bronze specimen 


AT 2:00 


Loudermann Hall 


(J. 


S. JASTRAM presiding) 


Beta-Emitters from Caesium Onward; Nuclear Scattering 


V1. Gamma-Radiation from Radioactive Cesium 134.* 
J. M. LeBtanc, W. H. Nester, D. W. Martin, M. kK Brice, 
AND J. M. Cork, University of Michigan.—Using photographic 
magnetic spectrometers the energies of conversion and photo- 
electrons from specimens of cesium, obtained as a_ fission 
product, have been evaluated. The results indicate some 
needed revision in the previously reported values for seven of 
the gamma-rays and show the presence of four additional 
gammas not before observed. The energies of these radiations, 
believed to be accurate to +0.2 percent, are 202.5 475.0, 
563.0, 569.7, 605.4, 662.7, 796.8, 802.6, 1039, 1168, and 1368 
kev. The A/ZL ratio for the 605.4- and the 796.8-kev gamma- 
rays are found to be 6.4+0.8 and 7.3+0.8, respectively, and 
both transitions are believed to be electric quadrupole. From 
mathematical identities evident in combinations of the gamma- 
energies it seems quite likely that at least ten of the transitions 
are associated with beta-emission and not K capture. 


* This project received the joint support of the AEC and the ONR 

V2. Radioactivity of Cesium 138.* L. M. LANGER, [ndiana 
University, R. B. DurFieLp, University of Illinois, AND C. W. 
STANLEY, Los Alamos Scientific Laboratory.—Cs'* was chemi- 
cally separated from other activities after a delayed collection 
of gaseous fission products from the “water boiler.’’ Beta- 
and gamma-activities were found to decay with a single 
period of 32.0 minutes. The beta-spectrum was studied in a 
magnetic lens spectrometer. The resulting Fermi plot is con- 
cave towards the energy axis with a maximum energy of 3.40 
Mev. An internal conversion line corresponding to a 0.463-Mev 
gamma-ray was also observed. In a ten-channel scintillation 
spectrometer, gamma-rays of 0.46, 0.98, and 1.44 Mev were 
observed with relative intensities of 0.33, 0.43, and 1.00, 
respectively. Beta-gamma coincidence absorption measure- 
ments indicate that betas as high as about 3 Mev are followed 
by one of the harder gamma-rays, probably the 1.44 Mev. 
Gated gamma-gamma coincidences further suggest that the 
1.44-Mev gamma is, surprisingly, in series rather than in 
parallel with the 0.46- and 0.98-Mev gamma rays. It appears 
likely then that the 3.40-Mev beta-transition is not to the 
ground state of Ba! but rather is followed by the 1.44-Mev 
gamma for a total energy release of 4.8 Mev, in good agree- 
ment with the predicted mass difference. It appears somewhat 


doubtful that the ground state of Cs! has zero spin as sug 
gested by the (g7/2, fr/2) assignment of the shell model. 


Alamos Scientific Laboratory ot the 


Ab¢ 


* Research carried out at the Los 
University of Calitornia under contract with the 


V3. The Disintegration of Re'**". |. W. Mineiicu, Brook 
haven National Laboratory.*—-Neutron irradiation of Re!’ 
produces a 22-minute activity of Re!**" which is isomeric with 
the 16.9-hr ground state. \ Nal scintillation spectrometer 
reveals photopeaks corresponding to photons of ~60 kev and 
105 kev. The number of quanta in the “60''-kev peak, con- 
sisting of Re A — X-rays and 63.5 y-rays, is at least 10 times as 
great as the number in the 105-kev peak. The intensity of 
these photons, as well as that of L — X-rays observed with a 
proportional counter and the photon-photon coincidence rate, 
decays with a 22-minute half-life. The conversion electron 
spectrum was investigated with permanent magnet spectro 
graphs. The energies of the conversion lines correspond to 
atomic electrons ejected by two transitions in Re: 105 kev 
(K, L1, M,) and 63.5 kev (Li, Mz, N). The 22-minute lifetime 
cannot yet be definitely ascribed to either transition. Energy- 
lifetime considerations indicate a transition involving a spin 
change of 3. 


* Research carried out under contract with the AEC 


V4. Isomeric Pt'**.* J. B. Swan, W. M. Portnoy, AND 
R. D. Hii, University of Illinois.—Iridium was bombarded 
with 12-Mev deuterons, and the platinum fraction containing 
radioactive Pt!™ and Pt'® was chemically separated from the 
target material. The conversion-electron spectrum of the 
platinum was investigated, using 180° spectrographs. Among 
a large number of lines present were those of a strong 135- 
kev transition in platinum, decaying with a half-life ~4 days. 
and those of 83-, 96-, and 173-kev transitions, probably in 
iridium, decaying with a half-life ~3 days. The measured 
K/L ratio of 0.275, the Ly: L1;: L717; ratios of 1:0:2, and the 
half-life ~4 days, identify the 135-kev transition as M4 
Platinum was irradiated with y-rays from a 22-Mev betatron, 
and strong lines from the 135-kev transition were observed. 
This M4 isomeric transition is, therefore, in Pt!*. The 83-, 96-, 
and 173-kev transition lines were not observed and are at- 
tributed to Pt. Other transitions of 130 and 76 kev, arising 
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from Pt!**™ and Pt!®’, respectively, were also observed. Neither 
source gave evidence of the 129- and 42-kev transitions which 
might be expected to occur following K capture in Pt!®, 


I by the joint prograr i the AEC and ONR 

V5. Neutron Deficient Isotopes of Hg.t K. GoPaLakrisu- 
NAN AND A. DE-SHALIT, L’rinceton University, AND J. W. 
Mineicu, Brookhaven National Laboratory.—A study of Hg!” 
and Hg'* was undertaken in order to look for a possible 
“family” of similar decay schemes. The isotopes were pre- 
pared by bombarding an Au target with high energy protons 
(we are indebted to Dr. S. Goldhaber, Dr. W. F. Goodell, and 
Dr. D. H. Greenberg of Columbia University, New York, for 
their kind cooperation in carrying out these irradiations at the 
Nevis Cyclotron Laboratory). The Hg was then separated 
carrier free and studied in a high resolution double focusing 
spectrometer at the Palmer Laboratory and in the permanent 
magnet spectrograph at Brookhaven National Laboratory. 
An isomeric state in Hg!*® (38 hr) decays via two gammas 
(123 and 37 kev) to the ground state of Hg!®* and also by a 
K capture to an isomeric state in Au’ which decays via two 
gammas (57 and 262) to the ground state of Au’. The situa- 
tion in Hg! is similar, the respective gammas being 102 and 
39 in Hg (10 hr), 32, 258, and 120 in Au. The half-life of 
Hg!* in the ground state is 27 hr 


t Work supported by the AEC and Higgins Scientific Trust Fund 

Vo. Effects of Radioactive Disintegrations on Inner Elec- 
trons of the Atom. |. S. LevINGER, Loutsiana State Lni- 
versity. —The probability that nuclear emission of an alpha 
particle causes jonization of a K or L electron of the atom is 
time dependent perturbation theory, using 
Due to the nuclear recoil, Migdal's 


calculated by 
Coulomb wave functions 
results! for dipole transitions are multiplied by (A —2Z)? 
(A —4)*, roughly 1/25. Quadrupole transitions are negligible 
for A electrons, but are the predominant cause of ionization 
of L electrons. The ionization probabilities per alpha for Po?!® 
are 10°? for the A shell and 10~ for the L shell. Relativistic 
corrections and screening corrections would increase the ioniza- 
tion probability by a factor of about 2 for the K shell and at 
least 3 for the L shell. This estimate is based on our calculation 
of the relativistic and screening corrections to the calculation! 
of ionization probability following beta-decay. We will com- 
pare our results with recent experiments on characteristic 
x-rays associated with Po®® and with Rak. 


1A. Migdal, J. Phys. U.S.S.R. 4, 449 (1941) 

V7. A Precise Measurement of the “F” Line of Thorium B. 
D.1. Meyer* anp F. H. Scumipt, University of Washington. 
The internal conversion electrons resulting from the decay of 
th B are widely used as calibration standards in beta-ray 
spectroscopy. Siegbahn, Craig, Lindstrém,' and others have 
determined the //p values of several lines. Lindstrém's most 
straightforward method involved the direct measurement of // 
(in terms of the proton magnetic moment) and of p. We have 
measured the momentum and energy of the “F" line by com- 
parison with electrons accelerated through a measured poten- 
tial difference. The comparison was made in an iron free 
high resolution (0.13 percent) solenoid spectrometer. Both 
components of the earth's field were canceled out. The ac- 
celerating potential was measured by a “‘series-parallel”’ pre- 
cision manganin resistor which permitted direct comparison 
with standard cells. C. rrections for the work function of the 
Wolfram filament of the electron gun were applied. Accelerat 
ing potentials up to 20 kv were used corresponding to a 
momentum of about one-third that of the “F’’ line. Linearity 
of the spectrometer was checked over the full range (2-20 kev 
of the electron gun and, using published values of electron 
Our result for the “F"’ line 


“ 


lines, at. intervals up to 2.6 Mev 
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is 1388.56+0.21 with Lindstr6ém’s 


value. 


gauss cm, in agreement 


* Now at the University of Oklahoma 


G. Lindstrém, Phys. Rev. 83, 465 (1951 


V8. Proton-Proton Scattering at 5.77 Mev Using Photo- 
graphic Techniques.* kK. O. KERMAN,t W. E. KREGER,} AND 
P. G. KruGer, University of Illinois —Zimmerman and 


Kruger's! p— p scattering results at 5.86 Mev gave a P-wave 


phase shift of —0.36°+0.22°; Rouvina? found no p-wave 
phase shift at 3.4, 6.8, and 7.5 Mev. To check this difference 
in results, new data have been taken at 5.77 Mev using a 
modification of the scattering chamber used previously by 
Rodgers et al.4 The following absolute differential p— p scatter- 
ing cross sections in millibarns per steradian in the center-of- 
mass system were obtained (errors are probable errors) : 23.00°: 
118.0+0.8, 23.87°: 110.0+-0.90, 26.00°: 95.91+40.70, 27.85 

91.73 4-0.79, 30.00°: 87.30+0.64, 31.84°: 83.53+0.73, 35.00°: 
81.98+0.58, 40.00°: 82.82 +-0.60, 45.00°: 81.12+-0.67, 50.00°: 
83.28+0.64, 54.76°: 85.00 +0.62, 60.00°: 85.70+0.65, 69.70°: 
86.86+0.71, 79.68°: 86.7340.70, 84.73°: 86.51+0.72, 89.68°: 
87.18+0.70, 94.71°: 87.28 +0.68, 99.68°: 87.87 +0.70, 109.69°: 
86.01+0.69. These gave an S-wave phase shift of 54.96°+0.16° 
and a P-wave phase shift of —0.08°+0.05°. 


the ONR and AEC and by a 


* This work has been supported jointly by 
grant from the Kesearch Corporation 

t Now at Kalamazoo College, Kalamazoo, Michigan 

t Present address: Code 3941A, U.S.N. Radiological Defense Laboratory 
San Francisco 24, California 

1K. J. Zimmerman and P. G. Kruger, Phys. Rev. 83, 218 (1951 

?J. Rouvina, Phys. Rev. 81, 593 (1951 

§ Rodgers, Leiter, and Kruger, Phys. Rev. 78, 656 (1950 

V9. Inelastic Scattering of Neutrons. Ropert B. Day, 
Los Alamos Scientific Laboratory.—The inelastic scattering of 
neutrons has been investigated by observing the gamma-rays 
emitted in the decay of the excited nuclei. The detector was a 
Nal (TI) scintillation counter shielded from the neutron source 
by a tungsten alloy cone and surrounded by a scattering ring 
of the material to be investigated. By observing the pulse- 
height spectrum from the scintillation counter it was possible 
to distinguish the gamma-rays from the scattering ring from 
the neutron-induced background, and at the same time to 
measure their energy to an accuracy of 1-2 percent. With a 
monoenergetic source of 2.5-Mev neutrons the following 
gamma-rays have been found (energies in Mev): B!: 0.478, 
0.717; F'%: 0.084, 0.114, 0.199, 1.36; Mg: 1.365; Al?7: 0.843, 
1.018, 2.20; S: 0.077, 2.23; Fe: 0.850, 1.25, 1.42. With 5.5-Mev 
neutrons a 4.45-Mev gamma-ray has been found in carbon. 
These gamma-rays correspond in general to transitions be- 
tween known levels of the target nuclei. Experiments have 
shown that the effects due to the cone are negligible except 
as a shield for the detector. Further work is in progress to 
measure the cross sections for these reactions. 


V10. The Total Neutron-Proton Scattering Cross Section 
at 2.5 Mev.* R. E. Fievps, R. L. BECKER, ft AND R. K. Apair, 
University of Wisconsin.—The total cross section of hydrogen 
for 2.5-Mev neutrons has been determined by measuring the 
transmission of samples of 2-2-4 trimethylpentane and graph- 
ite. The neutrons were produced by bombarding thin targets 
of tritium absorbed in zirconium with protons from the electro- 
static generator. Proton energy was measured with an electro- 
static analyzer. A narrow neutron scattering resonance in 
carbon at 2078.5-kev neutron energy (measured by comparison 
with the Li7(p, n)Be? threshold) was used as a calibration 
point. A one-inch diameter hydrogen recoil counter filled to a 
pressure of 500 pounds per square inch and placed 20 in. from 
the neutron source, at 0° relative to the proton beam, served 
as neutron detector. The discriminator was biased to reject 
pulses from neutrons of less than 1.25-Mev energy, thus re- 
ducing the background to about 0.6 percent. The preliminary 
results of this measurement are a = 2.525 (+0.009) & 107% cm? 
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at neutron energy 2.532 (+0.006) Mev. These values together 
with the values of Ar, As, and r; given by Burgy, Ringo, and 
Hughes! yield a singlet effective range of 2.59 (+0.20) x 10-8 
cm which is not in disagreement with the hypothesis of charge 
independence of nuclear forces. 


*Work supported by the Wisconsin Alumri Research Foundation 


and AK( 
t National Science Foundation Predoctoral Fellow 
' Burgy, Ringo, and Hughes, Phys. Rev. 84, 1160 (1951 


Vil. The Elastic Scattering of Alpha-Particles by O'*.t 
Joun R. Cameron,* Ropert H. Davis, Ajay S. Divatia, 
FReDERIC J. EpPLING, AND RicHarRD W. Hitt, University of 
Wisconsin.— The ditferential cross section for elastic scattering 
of alpha-particles by O'8 was measured in a gas scattering 
chamber using alpha-particles accelerated in the Wisconsin 
electrostatic generator. Alpha-particle energies used were be 
tween 0.94 and 4.0 Mev. Cross sections were measured at 
6(c.m.) =168.0°; 140.1°; 124.6°; and 90.0°. Because both 
particles have zero spin, each partial wave except /=0 has a 
zero amplitude at some angular position. The P-wave is zero 
at 90.0°; the D-wave is zero near 124.6°; and the F-wave is 
zero at 90.0° and near 140.1°. This permitted the unambiguous 
assignment of J-values to the resonances from a qualitative 
observation of the cross section. The resonances were analyzed 
using the Wigner-Eisenbud one-level approximation to de- 
termine the width and resonant energy of each resonance 
Five scattering anomalies were observed to which the J-values 
and resonant energies using the Ne?° ground state as the energy 
zero are the following: S at 6.738 Mev; F at 7.182 Mev; Sat 
7.218 Mev; D at 7.450 Mev; and D at 7.854 Mev. The parity 
is odd for odd J and even for even J. The uncertainty in these 
energies is about 10 kev. 

Alumni Research Foundation 


* Work Wisconsin 


and AEC, 
+ AEC Predoctoral Fellow. 


supported by the 


V12. Inelastic Nuclear Scattering of Photons by Rh’?.* 
C. S. pet Riot anp V. L. TeLceGcpt, University of Chicago.— 
A lower limit to the cross section for inelastic nuclear scattering 
of photens o(y, y’) can be determined by irradiating an ele- 
ment having an isomeric state in its neutron richest isotope 


SATURDAY 


AFTERNOON AT 
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with high energy photons and measuring the isomeric activity 
Rhodium foils were exposed to the Chicago betatron and the 
yield of Rh'!(y, y’)Rh'* was measured as a function of 
energy. Activities were counted with a windowless 4x-pro 
portional counter and Ta'®!(y, #)Ta!*® was used as a monitor 
above 8 Mev, adopting the improved results of the Saskatche- 
wan group. It was ascertained that the fast neutron contami- 
nation of the betatron beam contributed but a small fraction 
of the Rh!®* activity. The cross section is found to go through 
a peak of the order of 10 mb at about 12.5 Mev and to be 
appreciable below the Rh'®(y, 2) threshold, reported at 9.35 
Mev. The observed location of the peak is considerably lower 
than would be expected for Rh'!(y,) from the empiri- 
cal A-dependence of (y, ”) cross sections and the case of 
Au!®7(y, y’)Au'®7*, but is theoretically not unreasonable 
Similar studies on other elements are in progress. 


* Assisted by the joint program of the AEC and ONR 


t From Junta de Energia Nuclear, Madrid 


V13. Multiple Scattering Effects in Pion-Deuteron Scatter- 
ing. K. A. BRUECKNER, Indiana University —The scatter- 
ing of pions by deuterons has been considered in the ‘‘impulse 
approximation” in which the motion of the nucleons is neg- 
lected during the scattering process. It is then possible to ob- 
tain an exact solution to the multiple scattering problem if 
scatterings which do not conserve energy are neglected. The 
effects of charge exchange are included, but the scattering has 
been assumed to be restricted to P-states and to be spin inde- 
pendent. It is found that the scattering is strongly depressed 
when the nucleons are within a distance roughly equal to the 
geometric mean of the pion scattering amplitudes from neu 
tron and proton. These results are applied to a consideration of 
high energy pion scattering, making use of the results of Fermi! 
for the scattering amplitudes. A sizeable depression of the 
total cross sections relative to the free particle cross sections 
is found. This is in contrast to the predictions of the theory 
neglecting multiple scattering which gives a large positive 
interference effect. A comparison with experiment will be 


made. 


' Fermi, Anderson, and Nagle (private communication) 


2:00 


Rebstock Hall 


H. L. ANDERSON presiding) 


Invited Papers in Nuclear Physics 


W1. Recent Research on Mu-Mesons. R. D. Sarp, Washington University. (30 min.) 
W2. Level Classification by Resonance”Scattering of Protons and Alphas. H. T. Ricwarps, 


University of Wisconsin. (30 min.) 


W3. Atomic Masses of the Light Elements. T. L. Cottins, University of Minnesota. (30 min.) 
W4. Coincidence Measurements with Beta-Ray Spectrometers. ERLInG JENSEN, Jowa State 


College. (30 min.) 





SESSION X 


SATURDAY AFTERNOON AT 2:00 
Brown Hall 
(A. H. WEBER presiding) 


Invited Paper 


X1. Galvanomagnetic Effects in Semiconductors. Vivian A. JOHNSON, 


(30 min.) 


Purdue University. 


Solid-State Physics. Il 


X2. Energy Loss of Medium-Fast Electrons in Metals.* 
E. M. Baroopy, Battelle Memorial Institute.—It has been 
considered probable that excitation of valence electrons to 
the next Brillouin zone makes an important contribution to 
the energy loss in metals of electrons with energy in the range 
10? to 108 ev. According to Wooldridge! and Vyatskin,? the 
matrix element for excitations of this type varies inversely as 
the square of the momentum change of the primary, and the 
corresponding energy loss per unit primary path is approxi- 
mately independent of the energy. In the work to be reported, 
the matrix element is treated by a method somewhat different 
from that used by Wooldridge and is found to vary more nearly 
as the inverse first power of the momentum change of the 
primary. This result implies a rate of energy loss which is 
inversely proportional to the energy and suggests an energy 
loss curve similar to that for free atoms. Reasons for the dis- 
crepancy and the significance of the present result for second- 
ary emission will be discussed. 

* Sponsored by the Army Signal Corps and the Air Force. 


1D. E, Wooldridge, Phys. Rev. 56, 562 (1939) 
2A. Ya. Vyatskin, J. Exptl Theoret. Phys. (U.S.S.R.) 20, 557 (1950). 


X3. On the Transmission of Electrons through Thin 
Metallic Foils. C. H. Cuan, C. S. Cook, AND H. PRIMAKOFF, 
Washington University.*—Experimental studies have been 
made on the relative transmission of positrons and negatrons 
through aluminum and platinum windows of an end-window 
type G-M counter. In qualitative agreement with the theo- 
retical predictions that more scattering takes place in material 
having higher atomic number, a platinum foil having the 
same surface density as a corresponding aluminum foil shows 
lower relative transmission at any given energy, even though 
the low energy cutoffs of the two windows are just about the 
same. Also in qualitative agreement with theory a larger per- 
centage of positrons than negatrons are transmitted at any 
given energy for the same foil. Theoretical transmission curves, 
with empirically determined constants, have been developed. 
These curves are in relatively good agreement with the ex- 
perimental curves. 


* Assisted by the joint program of the ONR and AEC 


X4. The Magnetic Structure of Manganese Antimonide. 
N. S. GrnGricu,* C. G. SHutt, AnD M. K. WILKINSON, Oak 
Ridge National Laboratory.—Neutron diffraction data have 
been obtained for a polycrystalline sample of Mn.Sb at a 
series of temperatures ranging from 77°K to 940°K in order to 
determine the strength and relative orientation of the atomic 
magnetic moments which are responsible for the observed 
ferromagnetism of this compound. The room temperature 
observations (well below the Curie temperature of 275°C) 
agree reasonably well with Guillaud’s model,! in which half 
of the Mn atoms have magnetic moments of three Bohr 
magnetons parallel to each other and the other half are of five 
Bohr magnetons directed antiparallel to the first group. At 
high temperatures above the Curie temperature, however, the 
observed paramagnetic scattering is only about half that which 
is calculated for this model. The moments are found to be 


parallel to the Co axis of the tetragonal cell at room tem- 
perature and to rotate into the basal plane at low temperature 
as Guillaud’s magnetic measurements have indicated. 


* On leave from the University of Missouri during part of 1952. 
1C, Guillaud, J. phys. et radium 12, 492 (1951), 


X5. Magnetic Inelastic Scattering of Neutrons in Fe. H. 
PaLtevsky, R. S. Carter, AND D. J. HuGues, Brookhaven 
National Laboratory.*—The neutron cross section of Fe has 
been investigated in the 4-14A region with the Brookhaven 
slow chopper at sample temperatures ranging from 100- 
1300°K. In the region above 450°K the temperature depen- 
dent part of the cross section (presumably inelastic scattering) 
is found to depart from the values calculated by Kleinman and 
by Placzek, whereas agreement is found for copper. The 
calculations are based on the exchange of energy between the 
neutrons and the lattice vibrations; the principal process for 
the wavelengths considered here being absorption of phonons 
by the neutrons. The departure of experiment from theory 
increases rapidly with temperature, and at the Curie point the 
inelastic scattering is twice the calculated value. The rate of 
change of cross section with temperature shows a marked 
decrease above the Curie point, and at all temperatures it is 
proportional to wavelength, as expected for inelastic scatter- 
ing. It is concluded that the excess cross section is magnetic 
inelastic (‘spin wave’’) scattering. The persistence above the 
Curie point, however, seems in direct conflict with the sup- 
posed paramagnetic nature (uncoupled spins) of iron at high 
temperature. 


* Work carried out under contract with the AEC. 


X6. Diffusion and the Motion of Phase in Binary Alloys 
D. D. Van Horn, Knolls Atomic Power Laboratory.*—In the 
diffusion interchange between two ‘adjacent’? phases in a 
binary alloy (for example, diffusion between a- and B-brass) 
it is generally observed that the position of the phase boundary 
relative to the initial interface will change with time. For uni- 
directional diffusion in an infinite specimen, it can be shown 
that the displacement of the phase boundary is given by 
d= K(2t)*. If \; and Ao, the differences between the initial con- 
centration (c) of each phase and the corresponding solubility 
limit (co) in that phase, and 6, the concentration difference 
between the two solubility limits (6=¢20—¢,0) are given, then 
any two of the three quantities D,, D2, and K will determine 
the third. (D; and D, are the respective diffusion coefficients 
in the two phases.) The complete solution of the problem, 
including the analytical expressions for the concentration 
curves is determined by the solution of the following equations 
for B, and B2: 
8,D\4=8.D3= K//2, (1) 

éri= rx exp( = B2?) /[B2( 1 +erfB2) | 

— A, exp(— 81?) /C6:(1 —erfp,) J. (2) 
A nomographic solution of these equations will be given. 


*The Knolls Atomic Power Laboratory is operated for the AEC by 
the General Electric Company 
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X7. Diffusion of Sodium in Sodium Tungsten Bronze. 
J. F. Smita ann G. C. Danietson, Iowa State College —An 
investigation of the diffusivity of sodium in single crystals of 
the metal sodium tungsten bronze is in progress. The concen- 
tration gradient is established by evaporation of sodium from 
a sample heated in a vacuum, and the sodium concentration 
is measured by x-ray determination of the lattice constant 
which varies linearly with sodium concentration. The diffusiv- 
ity is evaluated by a method which is based upon Fick's 
first law rather than his second. The data give a family of 
curves showing the concentration as a function of depth with 
time as a parameter. From these curves the mass of sodium 
transferred through a plane parallel to the surface and at 
any particular depth may be plotted as a function of time. 
The slope of this curve divided by the concentration gradient, 
both evaluated at the same depth and time, is the diffusivity 
for the corresponding concentration. Preliminary results 
indicate that the diffusivity decreases with increasing sodium 
concentration. 


X8. Some Observations on the “Direct-Current Etch.” 
Davip B. LANGMuIR, Atomic Energy of Canada Limited.— 
Tantalum, in common with a number of other metals, de- 
velops an etched appearance when heated with direct current 
in high vacuum at about 2200°K for 50 or more hours. This 
phenomenon has been investigated by using tantalum strips 
0.001-0.005 inch thick in which crystal grains 1 mm or more in 
diameter have been grown. Goniometer reflections using visible 
light have been obtained within +5° from the surfaces devel- 
oped by dc heating, and these surfaces have been identified by 
comparison with Laue back reflection photographs. In cases 
observed so far the initial surface of the strip has coincided 
within a few degrees with either a (110) or (211) plane. In 
the case of a (211) initial surface with the current flowing 
parallel to the close packed (111) direction, one face of the 
crystal grain remains almost smooth, while the opposite face 
develops a set of ridges running at right angles to the direction 
of current flow and bounded by (100) surfaces on the (+-) side, 
(110) surfaces at the ends, and a (211) surface on the (—) side. 
When the close-packed direction makes an oblique angle to 
the direction of current, a (211) surface usually develops with its 
normal having a component pointing toward the negative end. 
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X9. Self-Diffusion of Tantalum. R. L. EAGER* anp D. B. 
LANGMUIR,t Atomic Energy of Canada Limited.—The volume 
self-diffusion of tantalum has been measured by activating a 
small volume of a tantalum strip in the thermal column of the 
NRX pile and heating in vacuum. The volume diffusion coeffi- 
cient D, over the range 2100 to 2800°K can be represented by 
the equation D, =2 exp(—110,000/RT) cm?/sec. Auto radio- 
graphs’show that grain boundary diffusion occurs much more 
rapidly than volume diffusion near 1800°K. Attempts have 
been made to measure the surface self-diffusion coefficient 
D, by evaporating a surface deposit of radiotantalum upon a 
clean tantalum strip. Using the analysis developed by J. C. 
Fisher,! the results show that D,<107D, at 1800°K. 


*Now at the Chemistry Department, University of Saskatchewan, 


Saskatoon, Saskatchewan, 
t USAEC Liaison Officer. 
1]. C. Fisher, J. Appl. Phys. 22, 74 (1951). 


X10. Improved Techniques in the Aging of Thin Metal 
Films.* RicHArD B. BELSER, Georgia Institute of Technology.— 
It has been known for over a century that thin metal films 
change in optical properties, electrical resistivity, and struc- 
ture with the passage of time or exposure to heat or corrosion, 
Whereas these properties were known, their exact delineation 
and quantitative evaluation have awaited improved tech- 
niques and instrumentation. Application of improved methods 
of soldering to thin metal films with the metal indium and its 
alloys, recognition of the importance of current distribution 
within the film, and development of a high temperature, 
infrared-oven, ‘aging’ technique, which may be operated in a 
vacuum, have resulted in the obtaining of resistivities only 
slightly above that of the bulk metal for evaporated metal 
films of about 1000 angstroms thickness. Studies of silver, gold, 
aluminum, and copper films deposited by vacuum evaporation 
have been made. Studies of sputtered gold and silver are 
reported. The resistivity of evaporated films of the metals 
named deposited at 2*10-® mm of mercury has been found 
to be about 1.3 bulk resistivity. For sputtered films it is about 
1.5-2.0 bulk resistivity, dependent on sputtering rate and 
conditions. Aging effects are discussed. 


* Supported by United States Army Signal Corps 


SATURDAY AFTERNOON AT 2:00 
Crow Hall, 101 


(R. N. VARNEY presiding) 


Invited Paper 


Y1. Detection of Weak Electron Paramagnetic Resonance. JONATHAN TOWNSEND, Washington 


University. (30 min.) 


Luminescence 


Y2. Sensitized Fluorescence Studies using a Photomulti- 
plier Detection Method. Ropert H. McFAarRLAND AND 
Ropert E. Swanson, Kansas State College-—Work by Cario 
and Franck, Loria, Winans, and others has indicated the 
possibility of collisions of the second kind in which colliding 
atoms contribute kinetic energy to the excitation energy of the 
system. In mixtures of mercury and zinc and of mercury and 
thallium, transfers of 1.05 and 0.67 volts, respectively, have 
been observed. Experimental evidence has been obtained with 
mixtures of mercury and thallium to show that this effect is 
not one of double absorption. Also it is plausible to assume 
that this is not an effect attributable to collisions of thallium 
with metastable mercury atoms as postulated by Loria. 


Y3. A Study of Intensity Variations in Sensitized Fluores- 
cence. ROBERT E. SWANSON AND RoBEeRT H. MCFARLAND, 
Kansas State College—Development of apparatus to make 
direct readings of low-level light intensities has made an inves- 
tigation of the mechanisms of sensitized fluorescence possible. 
Measurements of the intensities of thallium lines emitted from 
a thallium mercury mixture when irradiated with mercury 
2537 show a dependence of intensity on the temperature of 
both mercury and thallium. With the thallium temperature 
constant, thallium 3519, 3529 reach their maximum intensity 
at a lower mercury temperature than does thallium 3776. 
This may be explained in terms of the partial selection rule 
AJ =0 and metastable mercury states. Thallium 5350, how- 
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ever, exhibits two maxima under the same conditions. This 
has been explained only in terms of the possibility of a memory 
process in the population of the thallium 2.S} level. 


Y4. Energy Transfer in Complex Solutions.* MILton Furst 
AND HaRIMUT KALLMANN, New York University.—High 
energy fluorescence in organic solutions with a single solute is 
mostly due to transfer of energy from the solvent to the solute 
molecules. This transfer occurs by some type of collision 
process. Further experiments adding a second solute (with 
sinaller efficiency and longer wavelengths of fluorescence) gave 
the possibility of studying energy transfer in more detail. 
In such complex solutions an additional energy transfer by 
collision from the first to the second solute occurs. This was 
shown from the unusual shape of the intensity vs concentration 
curve. This displayed a maximum followed by a minimum and 
another considerable rise with increasing concentration of 
both solutes but with the concentration ratio constant. The 
decrease is caused by an absorption of the light from the 
first solvent by the second. The second rise occurs by direct 
energy transfer (without light absorption) from the first to 
the second solute; its probability increases with concentration 
even with constant solute ratio. A decrease of lifetime of the 
excitation energy in the first solute ensues from this energy 
transfer and reduces the chance of quenching the excitation 
energy in the first solute. Xylene solutions of m-terphenyl, 
anthracene, xanthone, dihydrocollidine, and fluorene were 
used, 

* Work sponsored by the SCEL, Fort Monmouth, New Jersey 

Y5. A K-fluorescence Yield Summary. C. D. BroyLes* 
AND S. K. Haynes, Vanderbilt University—An accurate 
knowledge of the K fluorescence yield as a function of Z is 
sometimes essential in radioactive decay scheme problems 
All previous summaries including recent ones by the authors 
and by Burhop! have not only been incomplete but also have 
contained several inaccuracies. The theory of AK auger yield 
is also incomplete and approximate. 

A brief review of the state of the theory will be presented. 
A summary of experimental values of the K-fluorescence yield 
will be given which we hope is accurate and complete to 
July 1, 1952. Copies will be available to those interested. A 
first summary of experimental values of the ratio of the 
K—LL to the K-LM plus K—LN, etc., yields will also be 
given. This summary includes previously published values 
plus that of indium? which is as yet unpublished. 


° \ibuquerque, New Mexico 

fuger [effect and Other Radtationless lTransttions 
Cambridge, 1952), pp. 45, 46 

Vanderbilt University (1952) 


Now at Sandia Corporation 
1K. H.S. Burhop, The 
(Cambridge University Press, 
#1. A. Thomas, Ph.D. thesis 
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Y6. Cathodoluminescent Studies of (BaSr)O.* HAROLD WW 
Ganpy, University of Missouri.—The cathodoluminescent 
properties of sprayed (BaSr)O samples on electrolytic nickel 
base metal are being studied as a function of sample tempera- 
ture and sample thermionic activity. Spectral measurements 
show three bands to be present in moderately thermionically 
activated samples. Bands located at 310 mp and 580 my have 
intensities which decrease with increasing temperature, and a 
band at 400 my has an intensity which increases with increas- 
ing temperature. Time decay of the cathodoluminescent 
intensity of each band is being studied as a function of sample 
activity and sample temperature. The time rate of decay of 
the luminescent intensity of each band increases with increas- 
ing temperature; however, the rate of decay of the 400-mu 
band is less than that of the other two bands. The decay of 
the 400-my band appears to be exponential with time. 

The intensity of the 400-myu and 580-myu bands seem to 
increase relative to the intensity of the 310-my band with 
increasing thermionic activity of the sample. The rate of 
decay of each band does not seem to be influenced by chang- 
ing sample activity. 

. \ Laboratories Division, Princeton 


Supported by a grant from the R¢ 


New Jersey 


Y7. (Abstract withdrawn.) 


Y8. Characteristics of Thin Plastic Scintillation Phosphors. 
G. G. E1cuHoLz, Department of Mines and Technical Surveys, 
Ottawa.—Thin film plastic phosphors have been prepared by a 
modified pressure moulding technique in a cylindrical mould! 
or by pressing between aluminum sheets on heated platens. 
Optimum concentrations have been determined using poly- 
styrene solutions of p-terphenyl and diphenyl hexatriene or 
tetraphenyl butadiene. Excellent light collection can be ob- 
tained with wedge-shaped phosphors. Results under alpha- 
and beta-irradiation and relative pulse-height distributions 
will be discussed. An outline will be given of possible applica- 
tions in scintillation detectors for use with acid solutions and 
other cases where large-area detectors are desirable. 


'd,. G. Kichholz and J. L. Horwood, Rev. Sei. Instr. 23, 305 (1952) 


2:00 


Wilson Hall 


(HENRY PRIMAKOFF presiding) 


Theoretical Physics 


Z1. On Approximate Two-body Relativistic Wave Equa- 
tions. Z. V. Curarpiyvy, St. Louis University —The Foldy- 
Wouthuysen method! has been extended to the two-body 
problem. A canonical transformation has been developed 
which converts any relativistic two-body Hamiltonian into 
an “even-even"’ operator, and thus makes it possible to obtain 
a four-component approximation to the 16-component wave 
equation with the negative-energy states of both particles 


excluded. This is especially important in the case of the Breit 
equation since, as has been pointed out,? the difficulties in its 
applications stem from an admixture of negative-energy 
states which, of course, are not removed in the large-com 
ponent approximation usually applied to it. 


.. L. Foldy and S. A. Wouthuysen, Phys. Rev. 78, 29 (1950 
7. KE. Brown and D. G. Ravenhall, Proc. Roy. Soc. (London) 208, 552 


1] 
2G. 
(1951) 
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Z2. An Amplified Dirac Equation and the Lamb-Rether- 
ford Shift. W. A. BARKER AND Z. V. Curaptyvy, St. Louis 
University.—An amplified Dirac equation containing scalar, 
vector, tensor, pseudovector, and pseudoscalar interaction 
terms is converted to an approximately relativistic form by 
means of the Foldy-Wouthuysen! canonical transformation 
The resulting relativistic correction terms associated with the 
five types of interaction are tabulated. Hydrogenic fine struc- 
ture is discussed as an illustration of the utility of these 
tables. A relativistic wave equation in which appropriate 
factors of quantum electrodynamic origin? are included 
phenomenologically is rewritten in an approximately rela- 
tivistic form. In this new representation one easily sees that 
the major contributions to the Lamb-Retherford shift are 
related in a simple way to the Darwin and Thomas corrections 
to the Balmer energy levels arising from ordinary Dirac theory 
This method gives a value of 1062.59 mc/sec for the separa- 
tion of the 2.S, 2P, states of hydrogen. This phenomenological 
treatment, however, fails to yield the 4.00 mc/sec displace- 
ment of the 2/7, state. 


IL. L. Foldy and S. A. Wouthuysen, Phys. Rev. 78, 29 (1950 
? Karplus, Klein, and Schwinger, Phys. Rev. 86, 288 (1952) 


Z3. The Symmetry of the S Matrix. F. Corstrr, State 
University of Iowa.—I\t can be shown that any Heisenberg 
S matrix is symmetric for an appropriate choice of arbitrary 
phases in a representation in which the square and one com- 
ponent of the total angular momentum are diagonal. The 
proof combines the theory of time reversal in quantum 
mechanics given by Wigner! with the methods of transforma- 
tion theory. The consequences of this symmetry for the com- 
plex phases of the matrix elements are discussed 

'E. P. Wigner, Géttinger Nachr. 31, 546 (1932 

Z4. The Pairing Property of Nuclear Interactions. (. 
Racau, Hebrew University, Jerusalem, AND I. Tami, Palmer 
Physical Laboratory, Princeton University.—Interactions of 
which the matrix elements have the form 
Po TiVo, Fk 

= 6, {| (/", v, EF) Vil’, v, 1) +orr-(n—v/2)Eo} 
are said to possess the pairing property (p.p.). In this formula 
v is the seniority of the state of the configuration 1” specified 
by the additional necessary quantum numbers T', and Ey is 
the energy of ? 'So. In 77 coupling the same formula holds in 
the 7" configuration if we replace / by 7; Eo is then the energy 
of 7? J=0. This implies in particular that the seniority is a 
good quantum number. It is found that all the interactions 
which can be expressed as a sum of products of odd double 
tensors which operate on the spin and space coordinates of the 
two interacting nucleons, possess the p.p. in LS coupling as 
well as in 77 coupling. An important central interaction of this 
kind is W+2./ which has the p.p. for any range and form of 
the potential. In the limit of short range, it goes over into the 
6-potential, which is thus shown to possess the p.p. A non 
central interaction of this kind is that of the tensor forces 


Z5. A Lower Limit for the Interaction Time in Photon- 
Photon Scattering. E. Gora, Providence College In order 
to avoid difficulties which are the result of the use of sharp 
initial conditions in the time dependent perturbation treat- 
ment of radiation problems, a switching-on function has been 
introduced. This leads to the conclusion that the duration of 
the interaction, the “interaction time,”’ should exceed a well- 
defined lower limit, or else the well-known formulas of the 
quantum theory of radiation could not be valid. For scatter- 
ing of photons by electrons this lower limit turns out to be so 
small that it is not likely to be observable, but for photon- 
photon scattering its order of magnitude is y(he/e?)*(e?/me§) 
~yX 10-7 sec, where y =hw/mc?>1. The observed lifetime of 
a neutral meson decaying into two photons is of the same order 
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of magnitude. This coincidence suggests an investigation of 
the possibility that the observed lifetime of unstable particles 
could be in some way linked up with a finite duration of the 
interaction between the particles which take part in the 
production and decay processes. 


Zo. Pnotopion Production from a Single Nucleon. f 
SALZMAN, University of Illinois (introduced by G. F. Chew) 
Ihe photopion production from a single nucleon is calculated 
in the symmetrical pseudo-vector coupling theory with a 
fixed extended source.! Only the free meson current is used in 
calculating the interaction between the nucleon-meson system 
and the electromagnetic field.* 

The photon can be pictured as ejecting a wt from a virtual 
state in the proton cloud into a ‘‘real”’ particle scattering state. 
The high #°/x* ratio corresponds to the large charge-exchange 
(xt, N) scattering cross section. This process is examined in a 


weak-coupling approximation in which the initial and final 


wave functions are expanded to order g* in the pion-nucleon 
coupling constant. It is found that the secondary scattering 
effects are extremely important and dominate the terms of 
order eg’. It is known that the perturbation treatment of the 
pion-nucleon seattering omits large reactive effects, but their 
inclusion by means of the Dancotf approximation only in 
creases the relative importance of secondary scattering.! It 
is also noted that the terms of order eg’ cannot be treated 
phenomenologically as resulting from a static or frequency 
dependent magnetic moment 


G. F. Chew, Phys. Rev. (to be published 
J. S. Blair and G. F. Chew, Ann. Rev. Nuclear Sei. 2 (1952 


Z7. A. Variational Procedure for Electron-Hydrogen 
Scattering. M. M. Gorpon anp J. G. Jones, University of 
Florida.—-An improved variational procedure for e—H scatter 
ing has been developed whereby both the elastic and inelastic 
scattering amplitudes can be calculated directly. The deriva- 
tion of this procedure follows from the ‘“‘spatial-orientation 
degeneracy” of the wave function and the availability for 
computations of a complete ortho-normal set of H_ eigen- 
functions! This variational procedure has the following fea- 
tures: (a), it does not involve a partial wave analysis; (b), 
it includes exchange scattering; (c), it treats elastic and in- 
elastic scattering within the same formalism; and (d), it yields 
the Born approximation in zero-order. Calculations are now 
in progress which utilize this procedure to obtain an improve- 
ment of the Born approximation for the elastic scattering of 
100 to 900 volt electrons. A linear trial wave function of the 
following form is being used: 


Ww =[}1+4+ (B+ Cri2) exp(—ri/ao)} exp(ikn-r;) 

+ (A/ri){1—exp(—ri/ao)} exp(tkr) | exp( 
where A, B, 
results of this work will be presented 


r2/Qo), 


C are variational parameters. The preliminary 


W. Kohn, Phys. Re 74, 1763 (1948 ec Tt 


Z8. Variation Method in Quantum Statistics.* JouHn M. 
RICHARDSON AND WittiamM M. MacDonacp III,t U. S. 
Bureau of Mines Phe the grand canonical 
ensemble can be expressed in terms of a variational function 
© which is simply related to the equilibrium pressure, when 
the constraints of normalization and 


statistics of 


it is maximized under 
constancy of temperature and chemical potential. Using the 
field-theoretic formulation (involving creation and annihila- 
tion operators defined in terms of a set of single-particle 
states) of the Hamiltonian and number of particles, it is 
possible to expand © in a series of terms containing succes 
sively higher orders of interaction and correlation. Neglecting 
all correlations and third- and higher-order interactions, we 
obtain an approximate © in which variations are to be made 
on the single-particle states and on the quantum distribution 
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functions concerned with the occupancy of each state. In the 
case of fermions, we obtain results then reduce to the usual 
Fermi-Dirac distribution in the limit of vanishing interaction 
and to Fock’s equations in the limit of zero temperature. 
The boson case is formally similar. We will consider the quan- 
tum version of the cell method in the theory of liquids. 


* Supported in part by the ONR 
+ Now at Princeton University, Princeton, New Jersey. 


Z9. Possible Inconsistency in Customary Use of Vectors. 
J. G. Winans, University of Wisconsin.—For two vectors to 
be equal they must have the same magnitude, direction, and 
unit. A cross product or axial vector like area A =s, X52 has 
the unit square cm and is perpendicular to s; and s9. In de- 
scribing vector components by unit vectors 1, j, k, it is cus- 
tomary to consider 1j=k. If t=1 cm, j7=1 cm, and k=1 cm, 
considering 17=k leads to an inconsistency since vector 1j 
has the unit square cm and vector k has the unit cm. A dis- 
tinction should also be made between square cm, a unit of a 
vector quantity and cm? a unit of a scalar quantity. For a 
series representation of f(x), if x is a vector, odd power terms 
are vectors and even power terms are scalars. To carry out 
the additions the square of a vector must be considered a 
dimensionless number and then f(x) =scalar+ vector = qua- 
ternion, 


Z10. On the Beta-Decay Interaction. Joun M. Bvarrt, 


University of Illinois.—The decays of C!® and O" show that 
there must be an admixture of a Fermi-type interaction. The 
comparative half-lives (ft-values) of the neutron, H’, He’, 
and O" are used to estimate the relative strengths of the 
Fermi and Gamow-Teller interactions. Because of the new 
value of the end-point energy of He®,! the ft-value of this decay 
does not give significant information about the interaction. 


The matrix element (/@)? for the H? decay is not known very 
accurately because of the unknown amount of admixture of 
‘D and other states to the dominant ?S state. However, it can 
be shown that (f@)?< 3 as long as the ’S state is present with 
at least 25 percent probability. This allows us to put an upper 
limit on the lifetime of the neutron. An experiment is sug- 
gested to determine uniquely the nature of the Fermi-type 
interaction (scalar or polar vector). The considerations given 
here do not say anything about the presence or absence of a 
pseudoscalar component. 


1 Dewan, Pepper, Allen, and Almquist, Phys. Rev. 86, 416 (1952) 
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Z11. Special-Relativistic Linear Gravitational Theory. F. 
J. Bevtinrante, Purdue University—Derive such theory 
(different from Birkhoff's) from the Lagrangian fdt(L,+Lm); 
Lg= —(c4/169G) fd xG 29G*G** {a(Aahy p) (Osho) 
+b(Axhya) (9 phos) + f(Pahnp) (Oph pa) + 9(dahyp)(Ophgo) ‘3 
Ln = Dime { —wit+KwiC ha gt Bh a gdxi%dx;?/2widt?} ; 
hyp=hyr, Guy =Gh? =(1— 2b yo)by», Wi =(—Gydxi"dx;"/dt?)!, 
0q=0/dx%, G=6.67 X 10-8 cm? g™ sec”, coefficients a, 5, f, 4, 


B, K chosen later. If (2aqg+q?—46f)/8K =a(b+2q)/B (say =C), 
the gravitational equations around mass M have static spheri- 
cal solution hyy= {((b+q)Gyu»— (b+2q)6y,}GM/2CCr. Equa- 
tions of motion for particles in such field yield Kepler 
orbits, if 4C=4Kb—2Bb—3Bq, with perihelion precession 
= NxMG/ca(1—é) with N= —(6Bb+13Bq+4Kb)/4C. First 
terms in expansion of Einstein’s Lagrangian in powers of 
hyuv=8ur—Gyy and k*"=g*”—G*’ are the above with B = —4a 
=2b=4f=—2q=1 and K=0. This gives N=7. For finding 
Einstein's N=6, Einstein's theory requires the terms cubic 
in hy, and k#” in Ly, (which adds 1 to N) and terms quad- 
ratic in hy, in Lm (which subtracts 2). We adjust N to its 
experimental value by convenient choice of a, b, f, g, B, K 
satisfying above conditions. (B=0 won't do.) Energy- 
momentum 4-vector for particle p, = mcU"{Gy»—KGy»GP hag 
+ Bhyyt+$BG yhagU%U*} with U* =dx"/wdt satisfies dp ,/wdt 
=f,/c=mc{4BU%U84+KG%)}<a,hag. Ina static central field 
po and rXp are conserved. 


Z12. The Quadrupole Moment of Li’. E. G. Harris,* The 
University of Tennessee, AND M. A. MELKANOFF, University 
of California at Los Angeles (introduced by R. D. Present).— 
The quadrupole interaction energy, egQ, for Li? in Liz has been 
reported to be positive.! In an attempt to determine Q(Li’) a 
calculation of g has been made using two approximate wave 
functions for Liz. One of these is a Heitler-London function 
including inner shells and the other a 12 term variational 
function? which gives a dissociation energy 0.6 ev less than the 
experimental value. The results of the two calculations differ 
in sign. The more accurate James function leads to a negative 
g and consequently a negative value of Q(Li’). Unfortunately, 
the electronic and nuclear parts of g are nearly equal in Li, 
so that the magnitude and even the sign are still uncertain. 

* AEC Predoctoral Fellow 


! Logan, Cote, and Kusch, Phys. Rev. 86, 280 (1952) 
2H. M. James, J. Chem. Phys. 2, 794 (1934) 
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SUPPLEMENTARY PROGRAMME 


SP1. A Technique of Soldering to Thin Metal Films.*t 
RICHARD B. BELSER, Georgia Institute of Technology.—In the 
past, soldering to thin metal films on glass or quartz sub- 
strates has normally been accomplished by suitably reinfore- 
ing the film at the soldering point with a thicker underlying 
film. This performance is necessary in order to prevent tin- 
lead solders and commonly used fluxes from destroying the 
film and to give better adhesion to the substrate. It has been 
found that by using the metal indium and certain of its 
alloys as a solder, without a flux, adherence to thin metal 
films may be readily obtained without destruction of the film. 
Since indium also adheres to glass, quartz, ceramics, and 
silicious minerals the strength of the joint is not determined by 
the strength or adherence of the metal film but by the strength 
of the indium-glass or indium-quartz bond. Thus, films of 
only a few angstroms in thickness may be soldered without 
damage, with good mechanical strength and electrical contact. 
The strength of the bond is usually about 500 pounds per 
square inch. This technique has been found most useful in 
studying the resistivities of thin metal films and in the mount- 
ing of metal coated piezoelectric crystals. Soldered connections 
have been made to films of 18 metals including aluminum, 
titanium, and zirconium. 

* Supported by United States Army Signal Corps. 


t To be called for at the end of Session X if the Chairman rules that 
time permits. 


SP2. The Frictional Adhesion of Metal to Glass, Quartz, 
and Ceramic Surfaces.* Ricuarp B. BreLseR, Georgia In- 
stitute of Technology.—In 1947, W. A. Wooster and G. L. 
McDonald! reported that titanium by frictional contact 
would adhere to glass and certain mineral and ceramic sur- 
faces. In order to explore this property further small disks of 
a number of different metals were mounted separately on one- 
eighth-inch shafts. These disks, driven by a high speed hand- 
grinder, were applied to glass, quartz, and ceramic surfaces. 
By suitably varying the rpm of the motor and the pressure of 
application, the metal of the disks could be made to adhere 
securely to such surfaces. At high rpm and moderate pressure, 
erosion of the glass surfaces usually occurred. Variations of 
the technique of application allowed the metallic coating or 
the cutting of glass. The coating method has been found useful 
for marking glassware, decorative work, metal to nonmetal 
seals, and for the application of electrically conducting lines 
to nonmetallic surfaces. Some of the metals tested were ti- 
tanium, zirconium, aluminum, magnesium, gold, silver, copper, 
iron, nickel, cobalt, cadmium, zinc, and lead. Titanium and 
zirconium appeared to be the most active in glass cutting. 


For decorative and other purposes a number of the metals 
tested proved useful. 


* To be called for at the end of Session X if the Chairman rules that 


time permits. 
1W. A. Wooster and G. L. McDonald, Nature 160, 260 (1947). 


SP3. New Theory of Aggregates as Supplement to van’t 
Hoff’s Theory of Solutions.* GeorGE ANTtoNorF.— This year 
the centenary of van't Hoff is celebrated. His theory of solu- 
tions has one limitation: It is valid only for dilute solutions, 
because in concentrated ones the van der Waals forces come 
into play. If supplemented by the new theory of aggragates,! 
it becomes valid at all concentrations. van der Waals theory 
fails on quantitative side, but he himself changed his views 
as is seen from his last paper, in which he has made a conces- 
sion towards recognition of aggregates.? According to the new 
theory of aggregates, Y =d,/d, is the association factor, where 
d; is the density of the liquid and d, that of vapor. Introduced 
into the gas equations Y makes them comfortable with the 
laws of thermodynamics: The van der Waals forces are con- 
sumed in forming the aggregates and do not make themselves 
felt. Thus, the gas laws show themselves exact. The concept 
“activity” introduced by G. N. Lewis as a matter of expe- 
diency should be abandoned as having no physical meaning 
On the contrary Y introduces clarity and simplicity into this 
theory which shows itself in perfect agreement with experi- 
mental evidence. 

* To be called for at the end of Session H if the Chairman rules that 


time permits. 
1 Jerome Alexander, Colloid Chem. VII, 83 (1950). 
2See reference 40 of reterence 1 


SP4. Kinks in Vapor Pressure p vs Temperature Curves.* 
GEORGE ANTONOFF.—The p curves show the same kinks as 
d,. The values of the National Bureau of Standards are dis- 
trusted as being “smoothed,” although without justification 
They reveal the same law as the 30 liquids of Young. The RP 
1229, 1939, gives water values for every 5 degrees. The smooth- 
ing could affect only points nearest to the kinks, but it could 
not mask the law. Paper No. 300 from Massachusetts Insti- 
tute Technology gives in Table I, pages 154-163, figures 
actually observed mostly for every 10°C. I found the same 
kinks as in d, curves. In Table V, page 166, values of p are 
computed for every degree. All points of Table I found in 
Table V remained unchanged. The kinks appear as intersec- 
tions of two curvatures, although not as sharply as in the d! 
method. It is clear that they cannot be the result of ‘‘smooth- 
ing,’’ which affects only the last figures but not those revealing 
the law. 

* To be called for at the end of Session H if the Chairman rules that 
time permits. 


1 See Smith, Keyes, and Gerry, Proc 
1934). 
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